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Introduction 

Today's rapidly-advancing technology requires a wide spectrum of power 
sources and energy-storage devices. In many applications, the power sources are 
required to have a minimum size or weight per unit of power or energy. These re- 
lquirements have motivated a great deal of the recent work on high-specific-energy 
(watt-hr/lb) and high-specific-power (watt/lb) secondary cells. The maximization 
of the specific energy requires that reactants of low equivalent weight and high 
free energy of reaction be used. 
with aqueous electrolytes, zinc and cadmium have served as anode materials while 
nickel oxide, silver oxide, and oxygen (or air) have served as cathode materials. 
The elimination of water from the electrolyte permits more reactive metals such as 
calcium and the alkali metals to be considered as anode materials. Lithium has a 
very low equivalent weight and low electronegativity, making it particularly attrac- 
tive as an anode material for high specific energy cells. 
materials have been used in combination with nonaqueous electrolytes and lithium 
anodes, depending on the operating temperature and the electrolyte. 

Lithium-anode cells designed for operation at room temperature use non- 
aqueous electrolytes comprised of solutions of inorganic salts such as Li PF4 or 
LiC104 dissolved in organic solvents such as propylene carbonate or dimet$j sulf- 

though these cells have the potentiality of supplying over 100 watt-hr/lb at low 
discharge rates, their specific power is low (2-20 watt/lb) ,Is3 limiting their 
range of applicability. 
lytes is low because of the low conductivity of the electrolyte (% 10-2 ohm-l cm-l). 

(1-4 ohm-l cm-l) thus allowing specific powers in excess of 100 watt/lb to be 
achieved.4-8 
lytes require elevated operating temperatures (26O-65O0C). , A number of secondary 
cells with fused-salt electrolytes have been investigated, including sodium/bismuth, 
lithium/chlorine ,'*' lithium/tell~rium,~-~ and lithium/selenium,10 all using free 
liquid electrolytes. 

A general indication of the theoretical maximum specific energies of some 
couples suitable for use with fused-salt electrolytes is given in Figure 1, where 
the specific energy (as calculated from the equivalent weight of the cell products 
indicated and the average emf of the couple) is plotted against the equivalent 
weight of the active material. Usually, the higher specific energy materials are 
more difficult to handle from a corrosion viewpoint. 

For high specific energy (> 50 watt-hr/lb) cells 

1 ~ 3  

A number of cathode 

oxide; the cathodes are usually metal halides such as NiF4, CuF2 or CuC1. Al- 

The specific power for cells with organic-solvent electro- 

The use of fused-salts as electrolytes provides very high conductivities 

Because of their relatively high melting points, fused-salt electro- 

9 

, .  A great deal of design flexibility and compactness can be gained by immo- 
bilizing the fused-salt electrolyte either in an absorbent matrix or in the form of 
a rigid paste.ll-l3 
anodes, liquid bismuth or tellurium cathodes and fused-lithium-halide electrolytes 
immobilized as a rigid paste, operating at temperatures in the range 380 to 485°C. 

Experimental 

2 and 3. 
the electrode compartments were 3.2 mm deep, and had 4 concentric fins which 

This work deals with secondary cells having liquid lithium 
iJ 
i 

Typical lithiudbismuth and lithium/tellurium cells are shown in Figures 
' The cell housing in Figure 2 was made from Type 316 stainless steel; 
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2 se rved  as  c u r r e n t  c o l l e c t o r s .  , T h e  exposed e l e c t r o l y t e  area was 1 .98  c m  , 
and the  p a s t e  e l e c t r o l y t e  t h i c k n e s s  was 0.34 c m .  P r i o r  , to assembly,  t h e  
anode compartment w a s  loaded w i t h  0.064 gm of l i t h i u m  (Foote  Minera l  Co., 
0.003 % Na, 0.003% K ,  0.003% N 2 ,  0.003% C12, s u r f a c e  oxide  removed), hea ted  
t o  530°C t o  ensure  good w e t t i n g  of  t h e  c u r r e n t  c o l l e c t o r .  The cathode com- 
par tment  conta ined  2.764 gm of  bismuth (United Minera l  and Chemical Corp., 
99.999% minimum p u r i t y ) .  These amounts of r e a c t a n t s  correspond t o  a cathode- 
a l l o y  composi t ion of  41  a / o  L i  i n  B i  a t  complete d i s c h a r g e ,  and a c e l l  c a p a c i t y  
of  0.25 amp-hr. The c e l l  was prepared and assembled under a h igh-pur i ty  helium 
atmosphere.14 
vided a l e a k - t i g h t  seal  a g a i n s t  t h e  c e l l  housing.  

c o n s i s t i n g  of s h e e t s  of  s i n t e r e d  porous s t a i n l e s s  steel i n  t h e  anode compart- 
ment, and a network of  p u r e - i r o n  wires  i n  t h e  ca thode  compartment i n  p l a c e  of 
t h e  meshes shown i n  F i g u r e  3 .  The exposed e l e c t r o l y t e  a r e a  was 3.25 cm2; t h e  
e l e c t r o l y t e  t h i c k n e s s  was 0.32 c m .  The c e l l  compartments were loaded wi th  0.75 
pm o f  l i t h i u m  and 5.45 gm of t e l l u r i u m ,  (American Smelt ing and Ref in ing  Co., 
99.999% minimum p u r i t y )  cor responding  t o  71.6 a / o  L i  i n  Te a t  complete d ischarge .  

The e l e c t r o l y t e  was t h e  t e r n a r y  e u t e c t i c  composed of 11.7 m/o LiF - 
2 9 . 1  m/o L i C l  - 59.2  m/o L i I ,  which m e l t s  a t  340.9'C and has  a s e c i f i c  con- 
duc tance  of 2 .3  ohm-l cm-l a t  375'C and 3.0 ohm-l cm-l a t  475"C.p5 The e u t e c t i c  
w a s  p repared  from weighed amounts of t h e  p u r e  s a l t s :  L iF ,  L i C 1 ,  and L i I  a l l  
s u p p l i e d  by Anderson P h y s i c s  L a b o r a t o r i e s ,  I n c .  A f t e r  t h e  components were melted 
t o g e t h e r  t o  form t h e  e u t e c t i c ,  t h e  e l e c t r o l y t e  was s o l i d i f i e d ,  p u l v e r i z e d  t o  -300 
mesh, and mixed (50 w/o) w i t h  an i n e r t  f i l l e r . m a t e r i a 1 .  The e l e c t r o l y t e - f i l l e r  
powder mixture  was t h e n  molded i n t o  d i s c s .  For t h e  L i / B i  c e l l ,  d i s c s  1 .85 cm i n  
d i a .  were prepared by p r e s s i n g , t h e  e l e c t r o l y t e - f i l l e r  powder f i r s t  a t  room t e m -  
p e r a t u r e  t o  form "cold-pressed"  d i s c s ,  and t h e n  a t  400°C f o r  f i n a l  d e n s i f i c a t i o n .  
A l l  o p e r a t i o n s  except  f o r  t h e  ho t -press ing  were c a r r i e d  o u t  i n  a pure hel ium at- 
mosphere. For t h e  Li /Te c e l l ,  d i s c s  2.5 cm i n  d i a .  were pressed  a t  room tempera- 
t u r e  and s i n t e r e d  a t  4OO0C wi thout  p r e s s i n g ,  e l i m i n a t i n g  a l l  exposure t o  a i r .  

The p a s t e  e l e c t r o l y t e  h a s  a cont inuous  phase of fused- l i th ium-hal ide  

No g a s k e t s  were used;  t h e  smooth-surfaced e l e c t r o l y t e  d i s c  pro- 

The lithiiim!tel I.urium c.el1.; macle of pure i r o n ,  had c u r r e n t  c o l l e c t o r s  

e u t e c t i c  a t  the  c e l l  o p e r a t i n g  tempera ture .  The r e l a t i v e  amounts of f i n e l y -  
d i v i d e d  i n e r t  f i l l e r  and l i t h i u m  h a l i d e  a r e  chosen such t h a t  t h e  e l e c t r o l y t e  f i l l s  
t h e  i n t e r s t i t i a l  s p a c e s  among t h e  very small f i l l e r  p a r t i c l e s ,  and holds  t h e  p a s t e  
f i r m l y  by means of i t s  h i g h  s u r f a c e  t e n s i o n ,  low c o n t a c t  a n g l e  wi th  t h e  f i l l e r ,  
and the  small pore s i z e  o f  t h e  compact. S i m i l a r  p a s t e  e l e c t r o l y t e s  have been uspd 
w i t h  s u c c e s s  i n  molten-carbonate  f u e l  ~ e l l s , . l l - ~ ~  

c o n s t a n t - c u r r e n t  DC power s u p p l y ,  p r e c i s i o n  v o l t m e t e r s  and ammeters (1 /4  p e r c e n t ) ,  
and a s t r i p - c h a r t  r e c o r d e r .  The v o l t a g e - c u r r e n t  d e n s i t y  curves  f o r  t h e  d ischarge  
mode of o p e r a t i o n  were measured s t a r t i n g  w i t h  t h e  c e l l  i n  t h e  fu l ly-charged  con- 
d i t i o n ;  t h e  curves f o r  t h e  charge  mode o f  o p e r a t i o n  were u s u a l l y  measured from 
t h e  fill ly-discharged c n n d i  t inn.  A 1  1 resiil ts Are reported nn II res i s tance- inc luded  
b a s i s .  
furnace .  

R e s u l t s  and Discussion 

The measurements of c e l l  performance were c a r r i e d  o u t  w i t h  t h e  a i d  of a 

The c e l l s  w e r e  h e l d  a t  o p e r a t i n g  tempera ture  i n  an e l e c t r i c a l l y - h e a t e d  tube 

The v o l t a g e - c u r r e n t  d e n s i t y  c u r v e s  f o r  t h e  L i / B i  c e l l  o p e r a t i n g  a t  380". 
453', and 485'C a r e  shown i n  F i g u r e  4 .  As might be expec ted ,  t h e  h i g h e s t  per for -  
mance i n  h n t h  charge  and d i s c h a r g e  modes was o b t a i n e d  a t  t h e  h i g h e s t  temperature .  
Current  d e n s i t i e s  up t o  2 . 2  amp/cm2 were o b t a i n e d ,  based on t h e  e f f e c t i v e  e l e c -  
t r o d e  a r e a  of 1 cm2 ( t h e  e l e c t r o d e  compartments were o n l y  about  h a l f - f i l l e d  with 
a c t i v e  m a t e r i a l s  d u r i n g  t h e s e  exper iments ) .  
che d ischarge  e x p e r i m e n t s  averaged about  5 a / o  L i , -  t h e s e  performances a r e  t y p i c a l  
o f  those  o b t a i n a b l e  n e a r  t h e  beginning of  t h e  p l a t e a u  of t h e  corresponding vol tage-  

S i n c e , & h e  ca thode  composi t ion dur ing  
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t i m e  curves  a t  c o n s t a n t  c u r r e n t  d i scharge .  
was 0.57 watt/cm2 a t  0.6 v o l t .  

The s l o p e s  of t h e  charge and d i s c h a r g e  curves  i n  F igure  4 are d i f f e r e n t  
because of t h e  d i f f e r e n c e  i n  s t a t e  of charge f o r  t h e  two modes of o p e r a t i o n .  The 
i n t e r n a l  r e s i s t a n c e  of t h e  c e l l  is expected t o  be  lower f o r  t h e  d i s c h a r g e  curves  
because most of the  o r i g i n a l  amount of l i t h i u m  was s t i l l  i n  t h e  anode compartment 
when t h e  d ischarge  d a t a  were taken .  
a lmost  no l i t h i u m  was p r e s e n t  i n  t h e  l i t h i u m  compartment, r e s u l t i n g  i n  a r e l a t i v e l y  
h igh  i n t e r n a l  r e s i s t a n c e .  When charge and d i s c h a r g e  curves  a r e  t a k e n  under  i d e n t i -  
c a l  c o n d i t i o n s ,  t h e  curves  have t h e  same s l o p e .  
a t  high c u r r e n t  d e n s i t i e s  was 0.45 ohm a t  485"C, compared t o  a v a l u e  of 0.23 ohm 
c a l c u l a t e d  from the  s p e c i f i c  conductance of t h e  e l e c t r o l y t e  and a pas t e - to -pure  
e l e c t r o l y t e  r e s i s t i v i t y  r a t i o  of 2.11,13 
presence  of  some Li20 r e s u l t i n g  from h y d r o l y s i s  of t h e  l i t h i u m  h a l i d e s  d u r i n g  hot-  
p r e s s i n g  OK incomplete w e t t i n g  of t h e  p a s t e  by L i .  

of F igure  4 ,  i t  is c l e a r  t h a t  t h e  c e l l  can be  f u l l y  charged from complete d i s -  
charge i n  about 15 minutes .  

The performance c h a r a c t e r i s t i c s  of t h e  ( l a r g e r )  L i / T e  c e l l  o p e r a t i n g  a t  
475°C a r e  shown i n  F igure  5 .  
of F o s t e r  and L i d 7  and e a r l i e r  exper ience  w i t h  L i / T e   cell^,^-^ t h e  open c i r c u i t  
v o l t a g e  was 1 . 7  t o  1 . 8  v o l t s ,  and t h e  v o l t a g e - c u r r e n t  d e n s i t y  curves  were s t r a i g h t  
l i n e s ,  i n d i c a t i n g  t h e  absence of  any s i g n i f i c a n t  c o n c e n t r a t i o n  o r  a c t i v a t i o n  over- 
v o l t a g e s .  
d e n s i t y  was 1 watt/cm2 a t  0.9 v o l t ,  a c o n s i d e r a b l e  improvement i n  power d e n s i t y  
over  t h e  L i / B i  c e l l .  

The maximum power d e n s i t y  a t  485OC 

During t h e  charging exper iments ,  however, 

The i n t e r n a l  r e s i s t a n c e  of  t h e  c e l l  

T h i s  d i screpancy  could be caused by t h e  

From t h e  reasonably  h igh  c u r r e n t  d e n s i t y  c a p a b i l i t i e s  of t h e  L i / B i  c e l l  

A s  expected on t h e  b a s i s  of t h e  emf measurements 

The s h o r t - c i r c u i t  c u r r e n t  d e n s i t y  was 2.2 amp/cm2, and t h e  maximum power 

The i n t e r n a l  r e s i s t a n c e  of t h e  L i / T e  c e l l  dur ing  d i s c h a r g e  was 0.24 ohm, 
compared t o  0.065 ohm c a l c u l a t e d  from t h e  e l e c t r o l y t e  c o n d u c t i v i t y  and a p a s t e -  
to-pure e l e c t r o l y t e  r e s i s t i v i t y  r a t i o  of 2. The r a t i o  of obse rved- to -ca l cu la t ed  
c e l l  r e s i s t a n c e s  is  h i g h e r  f o r  t h e  Li/Te c e l l  than for t h e  L i / B i  c e l l ,  p o s s i b l y  
because of t h e  f a c t  t h a t  t h e  p a s t e  e l e c t r o l y t e  d i s c  f o r  t h e  L i / T e  c e l l  w a s  no t  
ho t -pressed ,  and t h e r e f o r e  p robab ly  conta ined  voids  which i n c r e a s e d  t h e  r e s i s t i v -  
i t y  of t h e  p a s t e .  

from complete d ischarge  i n  less than  h a l f  an hour .  This  is a much h i g h e r  charge 
r a t e  than  can be 'used  w i t h  secondary c e l l s  having aqueous e l e c t r o l y t e s  o r  c e l l s  
w i t h  nonaqueous organic  s o l v e n t  e l e c t r o l y t e s .  

Extensive i n v e s t i g a t i o n s  of c o n s t a n t - c u r r e n t  charge  and d i s c h a r g e  char-  
a c t e r i s t i c s ,  charge r e t e n t i o n ,  and c y c l e  l i f e  s t i l l  remain t o  be done. The d a t a  
presented  above were i n t e r e s t i n g  enough, however, t h a t  some p r e l i m i n a r y  d e s i g n  
c a l c u l a t i o n s  have been performed,  based upon t h e  vo l t age -cu r ren t  d e n s i t y  curves  
of F i g u r e s  4 and 5. 

of secondary b a t t e r i e s  have a l r e a d y  been d iscussed  e l sewhere4 ,  t h e r e f o r e ,  no de- 
t a i l e d  e x p l a n a t i o n s  w i l l  be g iven  h e r e .  
a p p l i c a t i o n s  i s  b a t t e r y  weight ;  t h e r e f o r e ,  t h e  energy and power v a l u e s  a r e  ex- 
pressed  per  u n i t  weight a s  s p e c i f i c  energy ( w a t t - h r / l b )  and s p e c i f i c  power 
( w a t t / l b ) .  The c a l c u l a t i o n  of b a t t e r y  weight  involves  t h e  s e l e c t i o n  of t h e  
r a t i o  of r e a c t a n t  weights ,  and t h e  c a l c u l a t i o n  of t h e  we igh t s  of r e a c t a n t s ,  
e l e c t r o l y t e ,  c e l l  housing,  t e r m i n a l s ,  e t c .  r e q u i r e d ,  p e r  u n i t  of a c t i v e  c e l l  
a r e a .  
curve  and the  b a t t e r y  weight per  u n i t  a c t i v e  a r e a .  
t e d  from t h e  average c e l l  o p e r a t i n g  v o l t a g e ,  t h e  amount of l i t h i u m  per u n i t  of 
a c t i v e  c e l l  a r e a  and t h e  b a t t e r y  weight  p e r  u n i t  of a c t i v e  a rea .4  
used i n  t h e s e  c a l c u l a t i o n s  a r e  summarized i n  Table  I. 

The Li/Te c e l l ,  w i t h  a c a p a c i t y  of 2 .91  amp-hr could be f u l l y  charged 

, 

The p r i n c i p l e s ,  e q u a t i o n s ,  and sample c a l c u l a t i o n s  involved i n  t h e  des ign  

The most impor tan t  parameter  i n  many 

The s p e c i f i c  power a v a i l a b l e  is c a l c u l a t e d  from t h e  c u r r e n t  d e n s i t y - v o l t a g e  
The s p e c i f i c  ene rgy  i s  c a l c u l a -  

The v a l u e s  
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The r e s u l t s  of t h e  d e s i g n  c a l c u l a t i o n s  f o r  L i / B i  and Li /Te secondary 

b a t t e r i e s  a r e  shown i n  F i g u r e  6 .  Because of t h e  lower e q u i v a l e n t  weight  and 
h i g h e r  e l e c t r o n e g a t i v i t y ,  t h e  Li /Te c e l l  has  h i g h e r  s p e c i f i c  energy  and s p e c i f i c  
power c a p a b i l i t i e s  than  t h e  L i / B i  c e l l .  A s  a n  example, F i g u r e  6 shows t h a t  f o r  
t h e  30-minute-discharge ra te ,  a L i / B i  c e l l  having 3 c e l l s  p e r  i n c h  and an elec- 
t r o l y t e  t h i c k n e s s  of 0 .32 c m  h a s  a s p e c i f i c  power of  43  w a t t / l b  and a s p e c i f i c  
energy of 21 w a t t - h r / l b ,  whereas  t h e  Li /Te  c e l l  of similar dimensions can a t t a i n  
110 w a t t / l b  and 55 w a t t - h r / l b .  The des ign  a n a l y s i s  r e s u l t s  p r e s e n t e d  i n  F i g u r e  
6 a l s o  i n d i c a t e  t h a t  i f  t h e  e l e c t r o l y t e  t h i c k n e s s  i s  decreased  t o  0 .1  c m ,  i t  i s  
p o s s i b l e  t o  achieve  90 w a t t / l b  and 45 w a t t - h r / l b  f o r  t h e  L i / B i  c e l l  and 200 
w a t t / l b  and 110 w a t t - h r / l b  f o r  t h e  Li /Te  c e l l .  The performances of some o t h e r  
types  of secondary b a t t e r i e s  i n c l u d i n g  lead-ac id ,  nickel /cadmium, s o d i u m / s u l f u r ,  
and I i t h i u m l c h l n r i n e  ere presented i n  Figure 6 f o r  comparison. 

f h e  Li /Te c e l l  i n c l u d e  s p a c e  power s o u r c e s ,  m i l i t a r y  communications power s o u r c e s ,  
m i l i t a r y  v e h i c l e  p r o p u l s i o n ,  and perhaps  s p e c i a l  commercial v e h i c l e  propuls ion .  

The a r e a s  which d e s e r v e  f u r t h e r  a t t e n t i o n  i n  t h e  development of L i / B i  
and Li/Te c e l l s  i n c l u d e  t h e  o p t i m i z a t i o n  of p a s t e  e l e c t r o l y t e  p r o p e r t i e s  (par-  
t i c u l a r l y  t h e  r e s i s t i v i t y ) ,  c u r r e n t  c o l l e c t i o n ,  c o r r o s i o n ,  c y c l e  l i f e ,  and thermal  
c y c l i n g .  

Conclusions 

P o s s i b l e  a p p l i c a t i o n s  f o r  secondary ce l l s  w i t h  t h e  c h a r a c t e r i s t i c s  of 

1. It  i s  p o s s i b l e  t o  form a c c e p t a b l e  p a s t e  e l e c t r o l y t e s  from fused-  
l i t h i u m  h a l i d e s  and i n e r t  f i l l e r  m a t e r i a l s .  The p a s t e  e l e c t r o l y t e s  p r e s e n t l y  
show two t o  t h r e e  times t h e  expec ted  e l e c t r o l y t i c  r e s i s t i v i t i e s .  

h a l i d e  s a s t e  e l e c t r o l y t e s  can  o p e r a t e  a t  power d e n s i t i e s  of 0.57 and 1 . 0  
wat t /cm , r e s p e c t i v e l y  a t  about  4 8 O o C .  

making t h e m  p o s s i b l e  c a n d i d a t e s  f o r  many a p p l i c a t i o n s  where f a s t  recharge  is  i m -  
p o r t a n t .  

2 .  Li thium/bismuth and l i t h i u m / t e l l u r i u m  ce l l s  o p e r a t i n g  w i t h  l i t h i u m  

1 

3 .  These c e l l s  can b e  charged a t  v e r y  h igh  r a t e s  ( l e s s  than  30 m i n u t e s ) ,  

4 .  Design c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  L i / T e  c e l l  w i t h  p a s t e  e l e c t r o -  
l y t e  can be expected t o  show a s p e c i f i c  power i n  e x c e s s  of 360 w a t t / l b  and a 
s p e c i f i c  energy  of  80 w a t t - h r / l b ,  sugges t ing  many p o s s i b l e  a p p l i c a t i o n s ,  i n c l u d i n g  
s p e c i a l  v e h i c l e  p r o p u l s i o n  and energy s t o r a g e .  
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Table I 

Data f o r  B a t t e r y  Design C a l c u l a t i o n s  

Li!Ri Li/Te 

Open-circui t  v o l t a g e ,  v o l t s  

S h o r t - c i r c u i t  c u r r e n t  d e n s i t y ,  amp/cm 
2 

f o r  e l e c t r o l y t e  t h i c k n e s s  0 . 3  cm 

f o r  e l e c t r o l y t e  t h i c k n e s s  0 . 1  cm 

Cathode a l l a y ,  f u l l y  d ischarged  

3 
composi t ion,  a / o  L i  

dens i ty ,  g/cm 

3 Anode meta l  d e n s i t y ,  g /cm,  

Curren t  e f f i c i e n c y ,  % 

C e l l  p a r t i t i o n  t h i c k n e s s ,  cm/cel l  

Densi ty  o f  housing m a t e r i a l ,  g/cm 

Densi ty  of  p a s t e  e l e c t r o l y t e ,  g/cm 

Weight a l lowance f o r  f raming ,  t e r m i n a l s ,  

3 

3 

e t c .  2 ( e l e c t r o l y t e  + p a r t i t i o n  weight )  

0.8 1 . 7  

1.8 2 . 2  

6 . 1  7.0 

70 60 

4 . 4  3.3  

0.53 0 .53  

100 100 

0 . 1  0 . 1  

7.8 7.8 

3.0 3.0 

50 50 , 
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IV IV- 
Equivalent Weight, gr/ Equivalent 

IV 

Fig .  1. Relationship between theoretical  specific 
energy  and equivalent weight 

F ig .  2. View of lithium-bismuth-cell pa r t s .  Enough c e l l  p a r t s  
to make  a two-cell ba t te ry  a r e  shown. 
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Fig .  3a .  View of assembled  l i thium-tellurium ce l l  

F i g .  3b. View of l i thium-tellurium-cell  pa r t s  
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SOYO FILLER,HQT PRESS 

1 

I I I I 

- LI/ L M L i  in  Te (I) 
ANODE AREA 325 CM' - 

INTERELECTRODE 

CAPACITY 291 AH 

PASTE ELECTROLYTE 

- CATHODE AREA 3 2 5  CM' - 

- DISTANCE 0 32 CM - 
- TEMPERATURE 475-C - 
- 5 0  '4 FILLER COLD PRESS- 

- - 
- - 
- - 
- - 
- - 

CHARGE 
- - 

- - 
- 2- - 

I I 

- 

2 I 0 2 3 

Fig. 4 .  ,Voltage-current density curves for a lithium-bismuth cell 

Fig. 5 .  Voltage-current density curx'es for a lithium-tellurium cell 

, 
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SPECIFIC E N E R G Y  , w a t t - h r / l b  

, 
F i g .  6 .  S p e c i f i c  p o w e r - s p e c i f i c  e n e r g y  c u r v e s  

f o r  some s e c o n d a r y  b a t t e r i e s  

\ 

/ I  
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COAL PYROLYSIS USING LASER IRRADIATION 

F. S .  Karn, R. A. F r i e d e l ,  and A .  G .  Sharkey,  Jr. 

U.S. Department o f  t h e  I n t e r i o r ,  Bureau o f  Mines 
P i t t s b u r g h  Coal Research Center ,  P i t t s b u r g h ,  Pa. 15213 

INTRODUCTION 

The purpose o f  t h i s  i n v e s t i g a t i o n  i s  t o  observe  t h e  e f f e c t  of  laser  i r r a d i a -  
t i o n  on t h e  p y r o l y s i s  of  c o a l .  Coal i r r a d i a t e d  w i t h  laser l i g h t  can decompose 
i n t o  g a s e s  r i c h  i n  a c e t y l e n e .  Coal p y r o l y s i s  a t  t h e  u s u a l  coking temperatures  

and t h e  probable  c o m e r c i a l  va lue  of  t h e  product  gas  should be  r e l a t e d  d i r e c t l y  t o  
t h e  temperature  of  t h e  decomposing c o a l .  

, y i e l d s  gases  h igh  i n  methane b u t  very  low i n  a c e t y l e n e .  The acetylene/methane r a t i o  

Conventional c o a l  p y r o l y s i s  v a r i e s  i n  temperature  from 450" t o  1,400"C and i n -  
c ludes  hundreds o f  d i f f e r e n t  p r o c e s s e s  and c o a l s .  
r o l y s i s  gas  w a s  ob ta ined  from a P i t t s b u r g h  seam (hvab) c o a l  carbonized a t  900" C . 5 1  
F i f t e e n  p e r c e n t  o f  t h e  c o a l  (40.7 p e r c e n t  v o l a t i l e  m a t t e r )  w a s  c o l l e c t e d  as  g a s  
( t a b l e  1) .  
r a t i o  by i n c r e a s i n g  p y r o l y s i s  tempera ture .  The e q u i l i b r i u m  c o n s t a n t  f o r  t h e  
r e a c t i o n  

A t y p i c a l  high-temperature  py- 

L a s e r  i r r a d i a t i o n  can b r i n g  about  s i g n i f i c a n t  changes i n  t h e  C,H,/CH4 

i n c r e a s e s  from 
l a s e r  i r r a d i a t i o n  could be very  high.  The energy c o n c e n t r a t i o n  due t o  a 6 - j o u l e  
focused beam from a ruby laser i s  s u f f i c i e n t  t o  raise t h e  temperature  o f  a p e r f e c t  
absorber  by 14,000' C. This  estimate i s  based on t h e  laser  energy and on the  h e a t  
c a p a c t t y  o f  t h e  t a r g e t .  However, much o f  t h e  laser energy i s  d i s s i p a t e d  by r e f l e c -  
t i o n ,  conduct ion ,  and v a p o r i z a t i o n .  I n  t h e s e  experiments  w i t h  c o a l  t h e  maximum 
t a r g e t  temperature  was e s t i m a t e d  t o  be  less than  1,300" K-- la rge ly  due t o  c o a l  vo l -  
a t i l i t y .  I n t e r e s t i n g  o b s e r v a t i o n s  o f  t a r  e t  tempera tures  o f  l a s e r - i r r a d i a t e d  s o l i d s  

and found it compatible  wi th  an assumption o f  thermodynamic e q u i l i b r i u m  and a temp- 
e r a t u r e  o f  4,000' K.  Verber and Adelman,'/ u s i n g  tantalum a s  a t a r g e t ,  measured 
thermionic  emission d u e  t o  a s u r f a c e  temperature  i n c r e a s e  which was c a l c u l a t e d  
from c l a s s i c a l  h e a t  t r a n s f e r  theory .  I n  t h e  fo l lowing  experiments  tempera tures  
have not  been measured d i r e c t l y  due  t o  t h e  s m a l l  s i z e  o f  t h e  c o a l  c r a t e r  and t o  
t h e  r a p i d  h e a t i n g  and c o o l i n g  o f  t h e  sample. 

a t  1,000" K to lo+' a t  4,000" K .  Temperatures  r e s u l t i n g  from 

have been repor ted .  Berkowitz and C h u p k a l  .? analyzed t h e  vapor e j e c t e d  from g r a p h i t e  

EXPERPIENTAL 

A v a r i e t y  of  c o a l s  and c o a l  macera ls  have been exposed t o  laser i r r a d i a t i o n .  
Using a focused beam, energy  c o n c e n t r a t i o n s  as h igh  a s  100 megawatts p e r  square  
c e n t i m e t e r  can be reached.  The genera l  procedure has  been t o  seal t h e  c o a l  sample 
i n  a g l a s s  v e s s e l  through which t h e  laser  beam'can be f i r e d .  The v e s s e l  w a s  evac-  
uated o r  evacuated and p a r t i a l l y  r e f i l l e d  wi th  a s p e c i f i c  g a s  b e f o r e  i r r a d i a t i o n .  
Samples, u s u a l l y  about  8 mm cubes,  were s e a l e d  i n  g l a s s  tubes  10 mm i . d .  and 90 mm 
long.k/  
i r r a d i a t e d .  The u s u a l  i r r a d i a t i o n  w a s  1 p u l s e  o f  a 6 - j o u l e  ruby laser  beam which 
was focused by a convex l e n s .  
e t e r  i n  two o r  more f r a c t i o n s  d i s t i l l i n g  from l i q u i d  n i t r o g e n ,  d r y  i c e ,  i c e  w a t e r ,  
room tempera ture ,  and 60" C ba ths .  Both t o t a l  volume and gas  d i s t r i b u t i o n  were 
determined f o r  each f r a c t i o n .  
f o r  u l t i m a t e  a n a l y s i s  o r  f o r  i n s p e c t i o n  by i n f r a r e d  spec t romet ry .  

Samples were d r i e d  under vacuum a t  100" C f o r  20 h o u r s ,  then  s e a l e d  and 

Gaseous products  were analyzed by t h e  mass s p e c t r a n -  

S o l i d  products  were obta ined  from t h e  g l a s s  walls 
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Table 1.- Product gas  

H2 co 

93OOC Carboniza t ion  Lase r  i r r a d i a t i o n  
Mole pe rcen t  

55.6 
7.4 
0.4 
31.5 
0.05 
3.4 
1.2 
0.5 
0.0 

Weig 

15 

< 0.002 

t p e r c e n t  o 

CzHzICH4 

52.2 
22.5 

5.1 
10.6 
0.0 
0.0 
0.0 
0.9 

a. 7 

co a1 

52 , 

2.1 

In s tudying  any new p rocess  f o r  coa l  p y r o l y s i s ,  t h e r e  a r e  s e v e r a l  u s e f u l  var -  
i a b l e s  t o  be cons idered .  Among t h e s e  a r e  c o a l  r ank ,  mace ra l ,  p a r t i c l e  s i z e ,  and 
atmosphere.  There are a l s o  seve ra l  v a r i a b l e s  which a r e  c h a r a c t e r i s t i c  of  t he  pro-  
c e s s i n g  u n i t .  For t h e  l a s e r  they  a r e  q u a n t i t y  of  energy d i s c h a r g e d ,  rate of d i s -  
charge ,  a r e a  o f  t a r g e t ,  and wavelength o f  r a d i a n t  energy. 

Coals have been t r e a t e d  wi th  t h e  same t o t a l  l i g h t  energy  from 3 d i f f e r e n t  
l a s e r s .  Lase r s  used i n  t h e s e  experiments w e r e  a s  follows: The ruby laser d e l i v e r s  
6 j o u l e s  of  6,943 A l i g h t  i n  about 1 mi l l i s econd .  Source of  t h e  l i g h t  i s  a c y l i n -  
d r i c a l  ruby 76 mm long  by 6.3 nun i n  d i ame te r .  It i s  a c t i v a t e d  by a xenon f l a s h  
lamp and a c a p a c i t o r  capab le  of  d e l i v e r i n g  a 2 ,000-vo l t  pu l se .  The neodymium l a s e r  
is a g l a s s  rod 152 mm long and capable  o f  a 28 - jou le  pu l sed  d i scha rge .  The t h i r d  
laser type  i s  a cont inuous  CO2 l a s e r .  I t s  t o t a l  power o u t p u t  i s  only  10  w a t t s  
(10 j o u l e s / s e c )  bu t  s i n c e  it o p e r a t e s  con t inuous ly  t h e  t o t a l  energy  and t h e  quant i ty  
o f  product  gas  can be made t o  equal  t h a t  o f  t he  pu l sed  l a s e r s .  I r r a d i a t i o n  f r q  
t h e  C02 l a s e r  has a wavelength o f  106,000 A. 

RESULTS 

A comparison o f  p roduct  gases  from a 900” C ca rbon iza t ion  and from i r r a d i a t i o n  
by a ruby l a s e r  v e r i f i e d  t h e  p r e d i c t i o n  of h ighe r  C2H2 t o  C q  r a t i o  f o r  t he  l a s e r  
( t a b l e  1 ) .  

- Rank. Coal composi t ion and c o a l  u t i l i z a t i o n  vary  widely w i t h  rank .  I r r a d i a -  
I 

ci,... .... 
L L Y L l  rLodiicts a s  a funct ioi i  o f  rank iv’ere s tud ied  e a r l i e r  and t h e  restilts are sum- 
marized i n  t a b l e  2.31 
Yie lds  o f  a c e t y l e n e ,  hydrogen, and HCN r each  a maximum f o r  a h i g h - v o l a t i l e  bitumin- 
ous  c o a l .  

‘r A s  rank  dec reases  t h e  y i e l d  of gaseous product i nc reases .  

i 
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Macerals. Macerals from a s i n g l e  c o a l  setam can be s e p a r a t e d  v i s u a l l y  o r  by 
s p e c i f i c  g r a v i t y .  
coking p r o p e r t i e s .  Maceral s e p a r a t i o n  i s  a t e d i o u s  j o b  and w e l l  separa ted  samples 
are u s u a l l y  s m a l l . l /  
l a s e r  p y r o l y s i s  were i r r a d i a t e d  ( t a b l e  3 ) .  A s  hydrogen and v o l a t i l e  m a t t e r  i n  t h e  
maceral increased  the  product  gas  i n c r e a s e d ,  and t h e  q u a l i t y  of t h e  product  gas 
(based on C2H21CH4 r a t i o )  decreased .  

They provide  informat ion  about  the  o r i g i n  o f  a c o a l  and about i t s  

Macerals  o f  Hernshaw (hvab) c o a l  i n  s u f f i c i e n t  q u a n t i t y  f o r  

Table  2 . -  Product  gases  from laser i r r a d i a t i o n  of  c o a l s  

A n t h r a c i t e  Pocahontas P i t t s b u r g h  L i g n i t e  
l v b  hvab 

Moles x l o 7  
13 23 30 21 
8 5 1 2  24 
4 1 3 1 0  
1 1 3 1 
3 4 9 6 
0.3 0.3 1 . 2  0.7 

TO t a 15' 31 35 6 0  63 

- a /  H20, N2, 02 f r e e .  

Table  3 . -  Gas from laser i r r a d i a t i o n  o f  macera ls  
o f  Hernshaw (hvab) c o a l  

H2 3 V o l a t i l e  m a t  e r ,  Product  a s  
Maceral D e  r c e n i d  Dercenta 5 Moles x 10' 'C?H?/CHI. 

Fu s i n i  t e  3.2 13.4 4 3  59 
M i c r i n i t e  4 .8  31.4 52 34 
V i t r  i n i t e  5 . 4  33.7 90 12 
Exin i  te 6 . 4  55.4 103 8 

- a /  See r e f e r e n c e  2.  

P a r t i c l e  S i z e .  V a r i a t i o n  o f  gas  y i e l d  w i t h  p a r t i c l e  s ize  w a s  s t u d i e d .  
Samples of  P i t t s b u r g h  seam c o a l  w i t h  p a r t i c l e  d i a m e t e r s  from 240 p down t o  10 p 
( f i g u r e  1) were i r r a d i a t e d .  For t h e  smaller p a r t i c l e s  t h e r e  w a s  a modest decrease  
i n  methane and an i n c r e a s e  i n  a c e t y l e n e .  This  may i n d i c a t e  less  c o o l i n g  by conduc- 
t i o n  and h i g h e r  tempera tures .  

Types of  Lasers .  Although laser a c t i v i t y  h a s  been produced i n  many d i f f e r e n t  
m a t e r i a l s ,  t h i s  s t u d y  has  been c a r r i e d  o u t  u s i n g  only  t h r e e - - r u b y ,  neodymium, and 
carbon d i o x i d e .  
Cr2O3. The chromium i o n s ,  e x c i t e d  by the  xenon f l a s h  lamp, e m i t  a p u l s e  of  6,943 A 
l a s e r  l i g h t .  The i n t e n s i t y  o f  t h i s  p u l s e  can be v a r i e d  by changing the  input  t o  the  
l a m p ,  by focusing t h e  l a s e r  beam, and by Q-switching to  s h o r t e n  t h e  d ischarge  t i m e .  
The s tandard  i r r a d i a t i o n  f o r  these  experiments  was a 6 - j o u l e  p u l s e  discharged i n  
about  1 m i l l i s e c o n d .  Without o p t i c a l  a l t e r a t i o n  t h i s  produces a c r a t e r  6 m i n  
d iameter  equal  t o  t h e  ruby rod)  and an energy c o n c e n t r a t i o n  a t  t h e  t a r g e t  of  
14 kw cm-'. With a focus ing  l e n s  t h i s  i s  increased  t o  over  40 kw cm-2 and,  us ing  
an  e l e c t r o - o p t i c a l  Q-switch, t o  40 Mw 

The ruby is a p ink  c r y s t a l  of  A1203 w i t h  0.05 weight  p e r c e n t  o f  
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The neodymium l a s e r  can  d e l i v e r  a 28- joule  pu l se  of 10,600 A l i g h t .  Using 
p r e c i s e  focus ing  but  no Q-swi t ch ing  t h e  l i g h t  i n t e n s i t y  a t  t he  t a r g e t  is about 
400 kw cm-2. 

The c02 l a s e r  has a cont inuous  ou tpu t  of 10 w a t t s  a t  a wavelength o f  106,000 A .  
Using a focused beam it can  produce a f lux  of 0.2 kw cm-2. 

Data from these  t h r e e  l a s e r s ,  inc luding  s e v e r a l  v a r i a t i o n s  i n  the  energy i n t e n -  
s i t i es  of t h e  ruby have been compared a t  approximately the  same t o t a l  energy ou tpu t  
t o  de te rmine  i f  t he re  a r e  d i f f e r e n c e s  i n  product -gas  q u a n t i t y  and d i s t r i b u t i o n .  

The Cnz l a s e r  e m i t s  t h e  l e a s t  i n t ense  l i g h t  beam because o f  i t s  slow r a t e  of 
emiss ion .  The ruby p u l s e s  were p r o g r e s s i v e l y  inc reased  i n  concen t r a t ion  due t o  
foca l  v a r i a t i o n s .  This  can r e a d i l y  be  measured on t h e  coa l  t a r g e t s .  C r a t e r s  i n  
fhe  coa l  i r r a d i a t e d  by t h e  defocused  ruby l a s e r  beam had an average a rea  of 1 .3  cm2. 
A l l  i r r a d i a t i o n s  with neodymium were focused and t h e  c r a t e r s  averaged 0.02 cm'. 
The b e s t  focused Cop- laser  beam produced a c r a t e r  w i th  an a r e a  o f  0.03 cm2. 
p roduct -gas  d a t a  a r e  shown as f u n c t i o n s  of c r a t e r  a r e a  ( f i g u r e  2 ) .  Only the  d a t a  
from i r r a d i a t i o n s  wi th  the  Cog l a s e r  were no t  c o n s i s t e n t  w i th  t h e  o t h e r  d a t a  due t o  
i t s  s l o w  h e a t i n g  and c o o l i n g  r a t e s .  The more i n t e n s e  l a s e r  beams produced g r e a t e r  
q u a n t i t i e s  o f  product gas  and h i g h e r  ace ty l ene  t o  methane r a t i o s .  
c r a t e r  a r ea  was rep laced  by l i g h t  f l u x  (k i lowa t t s  cm-*) and the  C02- laser  d a t a  could 
be inc luded .  

The 

I n  f i g u r e  3 

Temperature.  Since t h e  same amount of energy  w a s  a v a i l a b l e  i n  each of t hese  
t e s t s  t h e  tempera tures  of t h e  c r a t e r s  o r  o f  t h e  gas gene ra t ing  s i tes  should be re- 
l a t e d  to  energy concen t r a t ion .  An a t tempt  was made t o  e s t i m a t e  t h e s e  tempera tures  
from the composition o f  t h e  gas  using'gas e q u i l i b r i a  d a t a .  
i n  t h e  r e l a t i o n s h i p  between m e t  a n e ,  a c e t y l e n e ,  and hydrogen. Equi l ibr ium d a t a  t o  

The c h i e f  i n t e r e s t  is 

4,000 K a r e  shown i n  f l g u r e  4.- 47 

Gas ana lyses  from var ious  l a s e r  i r r a d i a t i o n s  were in t roduced  a s  shown i n  t h e  
sample c a l c u l a t i o n  us ing  d a t a  from i r r a d i a t i o n  wi th  a neodymium l a s e r .  

K =  (PcZHZ)(PHZ)3 = (.00277)(.00987)3 .00444 
(PCH4P (.000774)' 

, 
log K = 2.351 

Assuming the gases t o  be i n  e q u i l i b r i u m  dur ing  t h e i r  gene ra t ion ,  f i g u r e  4 g ives  a 
temperature o f  1,250' K. Temperatures were e s t ima ted  f o r  o t h e r  l a s e r  i r r a d i a t i o n s  
where gas ana lyses  were a v a i l a b l e  ( f i g u r e  5). Temperatures inc rease  c o n s i s t e n t l y  
wi th  i n c r e a s e  i n  energy c o n c e n t r a t i o n .  Since a c e t y l e n e  was not  de t ec t ed  i n  t h e  gases 
from the  CO2 l a s e r  a t empera tu re  e s t ima te  could not  be made. 
y s i s  was a v a i l a b l e  f o r  p roduc t  from a 900" C ca rbon iza t ion  o f  c o a l  and a comparison 
wi th  equ i l ib r ium d a t a  i n d i c a t e d  a temperature of 827' C ,  i n  reasonable  agreement 
w i t h  the  measured t empera tu re .  

However, a gas  a n a l -  

Var i a t ions  i n  types of i r r a d i a t i o n  cause g r e a t  changes i n  gas  y i e l d  and s e l e c -  
t i v i t y .  However, most of t h e s e  changes i n  t h e  product can be expla ined  on the  
b a s i s  o f  h e a t  concen t r a t ion  a t  t h e  t a r g e t .  A g r e a t e r  hea t  c o n c e n t r a t i o n  inc reases  
gas y i e l d ,  i n c r e a s e s  t h e  p robab le  c r a t e r  temperature,and i n c r e a s e s  t h e  a c e t y l e n e  
t o  methane r a t i o .  Even d a t a  from t h e  C02 l a s e r  f i t s  i n t o  t h i s  p a t t e r n  a l though the 
h e a t  concen t r a t ion  i s  ach ieved  by a d d i t i o n a l  r a d i a t i o n  t i m e  i n s t e a d  o f  l a s e r  power. 
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Photochemistry.  A fundamental q u e s t i o n  i n  the  laser i r r a d i a t i o n  o f  coa l  i s  the  
P o s s i b l e  importance o f  t h e  wavelength o f  t h e  energy.  1's t h e  laser s imply a thermal  
energy source c a p a b l e  o f  r a i s i n g  c o a l  t o  h i g h  tempera tures  o r  can t h e  monochromatic 
energy s t i m u l a t e  s p e c i f i c  chemical  r e a c t i o n s  i n  coal?  The u s u a l  photochemical re- 
a c t i o n s  take  p l a c e  wi th  wavelengths  o f  2 ,000 A t o  8 ,000 A .  

The l a s e r s  a v a i l a b l e  f o r  t h i s  c o a i  s tudy  were: 

Ruby 6,943 A - v i s i b l e  spectrum 
Neodymium 10,600 A - i n f r a r e d  
Carbon d i o x i d e  106,000 A - i n f r a r e d  

A t  t h i s  t i m e  i t  i s  imposs ib le  t o  measure t h e  photochemical i n f l u e n c e  o f  t h e  laser 
,energy  because d u p l i c a t e  c r a t e r s  have n o t  been produced by d i f f e r e n t  l a s e r s  and t h e  

temperature  e f f e c t  is much s t r o n g e r  than t h e  photochemical e f f e c t .  A f i r s t  e s t i m a t e  
i s  t h a t  t h e  i n f l u e n c e  is  small (compare ruby-focus and neodymium, f i g u r e  3)  b u t  per -  
haps u s i n g  lower energy p u l s e s  d i f f e r e n c e s  can be d e t e c t e d .  

Another conclus ion  t o  be drawn from t h e s e  d a t a  i s  t h e  e f f e c t i v e n e s s  of a con- 
c e n t r a t e d  beam o f  l a s e r  l i g h t  i n  promoting a c e t y l e n e  product ion  i n  c o a l  p y r o l y s i s .  
T h i s  has  been shown f o r  bo th  ruby and neodymium lasers and f o r  c o a l s  of  varying 
r a n k ,  macera l ,  and p a r t i c l e  size. Due t o  c o a l  v o l a t i l i t y  tempera tures  have been 
lower than  expected.  Higher  coal tempera tures  could be  p r e d i c t e d  by i r r a d i a t i n g  
p r e t r e a t e d  c o a l  i n  a p r e s s u r i z e d  system and should l e a d  t o  g a s  co.mpositions even 
r i c h e r  i n  a c e t y l e n e .  

References 

1. Berkowitz, J . ,  and Chupka, W. A . ,  J. Chem. Phys., 40, 2735 (1964). 

2 .  Ergun, S . ,  McCartney, J.  T . ,  Mentser ,  M . ,  Econ. Geology, 54, 1068 (1959). 

3. Karn, F. S . ,  F r i e d e l ,  R.  A . ,  and Sharkey,  A.  G .  J r . ,  Carbon, 5,  25 (1967). 

4 .  McBride, B .  J. ,  Heimel, S., E h l e r s ,  J. G . ,  and Gordon, S . ,  NASA SP-3001, 
O f f i c e  o f  S c i .  and Tech. Informat ion ,  N a t ' l  Aeronaut ics  and Space Admin., 
Washington, D.  C . ,  1963, 328 pp. , 

5. Sharkey,  A .  G . ,  J r . ,  S h u l t z ,  J. L . ,  and F r i e d e l ,  R. A . ,  Bureau o f  Mines 
' Report o f  I n v e s t i g a t i o n s  6868, 1966,  9 pp. 

6 .  S h u l t z ,  J .  L . ,  and Sharkey,  A.  G .  J r . ,  Carbon, 5, 57 (1967). 

7. Verber ,  C .  M . ,  and Adelman, A. H., J. Applied P h y s i c s ,  36, N o .  5 ,  1522 (1965). 



c 
C 
01 
Y 
a 

50 I I I 
H2 ' 

0 
0 

9 
2 0  - 

U 

" V 0 

t I I I O L  

I-- z 
W z 
0 
n. 
I 
0 
V 

50 
c 
0 

-40; 

E 
-30 cn* 

d 
W 
I- 

a 
0 
(r 

W 

0 
- 

-20 3 

-I0 -I 

P 

a 

a 
I- 

0 

v) 

0 
'a 

AVERAGE PARTICLE DIAMETER, microns 
Flgure I - Loser irrodiot ion of Pit tsburgh cool Product gos  os  o function of cool 

port icle d iomete r  

h 

0 
X 

v) W 

0 
- 

N e o d y m i u m  1 I I I 

50 
j l u b y ,  non-focus 

E 

I1 / C2H2 I 

L I G H T  F L U X ,  kwcm-' 

Figure 3 - G o s  composit ion o s  o funct ion of l ight f l u x  Loser i r r a d i o t i o n  of 
Pit tsburgh s e o m  coo l  

L-10293 

I 

1 



t 

l i .  

al 

m 
LL 

’ i  
._ 

P 



18. 

E 

E 
3 .- 

> 
-0 
0 
iG 
z 

h -  e <  

0 
0 
tf 

m 
0 
0, 

U a 
0 
e 

O E  g s  
Q) 

1 

I 

P 



\ 

19. 

PYROLYSIS OF COAL IN A MICROWAVE DISCHARGE* 

Yuan C .  Fu and Bernard D.  B laus t e in  

P i t t sbu rgh  Coal Research Cen te r ,  Bureau of Mines, 

4800 Forbes Avenue, P i t t s b u r g h ,  Pennsylvania 15213 
U .  S .  Department o f  t he  I n t e r i o r  

INTRODUCTION 
The n a t u r e  o f  t he  thermal decomposition of c o a l  d i f f e r s  g r e a t l y  depending on the  
r e a c t i o n  temperature and the r a t e  of h e a t i n g .  Recent i n v e s t i g a t i o n s  us ing  
va r ious  energy sources ,  e . g . ,  plasma j e t s , l - 3  l a s e r  beam,4,5 f l a s h  h e a t i n g , 6  
arc-image r e a c t o r s , 7  e t c . ,  have shown t h a t  extremely r ap id  p y r o l y s i s  o f  c o a l  
produces high y i e l d s  of a c e t y l e n e .  
bituminous c o a l ,  when r eac t ed  i n  a microwave d i scha rge  i n  a rgon ,8  i s  r e a d i l y  
g a s i f i e d  t o  produce a s i g n i f i c a n t  y i e l d  of ace ty l ene .  

The p r e s e n t  s tudy  d e a l s  wi th  the pyro lyses  of c o a l s  of va r ious  ranks  under the  
in f luence  of a microwave d i scha rge .  The r ead iness  of coa l  t o  g ive  up a small 
p a r t  of i t s  v o l a t i l e s  under the microwave i r r a d i a t i o n  permi ts  t he  d i scha rge  t o  
be s u s t a i n e d  even when s t a r t i n g  i n i t i a l l y  under a h igh  vacuum. The r e l a t i o n -  
s h i p  between the  p re s su re  i n c r e a s e  du r ing  the d i scha rge  p y r o l y s i s  of c o a l  and 
time shows t h a t  t he  p r i n c i p a l  r e a c t i o n  is a r ap id  g a s i f i c a t i o n ,  which i s  
induced by t he  a c t i v e  bombardment of the c o a l  by e n e r g e t i c  s p e c i e s  p re sen t  i n  
the d i scha rge .  S tud ie s  of t he  gas  composition a t  va r ious  s t a g e s  of t h e  d i scha rge  
p y r o l y s i s ;  of t he  e f f e c t  of i n i t i a l  presence of Ar ;  and of t he  e f f e c t  of coo l ing  
the gaseous products  ( a s  they a r e  being formed);  have a l l  g iven  f u r t h e r  i n s i g h t  
i n t o  the n a t u r e  of the decomposition of c o a l  which takes  p l ace  i n  the microwave 
d i scha rge .  

' 
It has  a l s o  been shown t h a t  h i g h - v o l a t i l e  

EXPERIMENTAL 
Experiments were c a r r i e d  ou t  i n  a Vycor tube r e a c t o r  a t t a c h e d  t o  a vacuum system 
provided with a Pace Engineer ing  p res su re  t r ansduce r .  The t r ansduce r  was 
connected to  a F i s h e r  r e c o r d e r ,  so t h a t  t h e  p re s su re  i n c r e a s e  due to  the 
d e v o l a t i l i z a t i o n  o f  c o a l  i n  a known volume could be recorded  du r ing  i ts  d i scha rge  
p y r o l y s i s .  
MH,) coupled t o  an a i r - coo led  Opthos c o a x i a l  c a v i t y .  The d i scha rge  w a s  i n i t i a t e d  
by a Tes l a  c o i l  e i t h e r  i n  a vacuum ( 4 

argon (5-10 mm Hg), and the power l e v e l  was maintained a t  50 w a t t s .  The c o a l  
was loca ted  i n  the d i scha rge  zone. 

~ l l  pressure- t ime d a t a  were obta ined  from experiments u s ing  10 mg of v i t r a i n  
o f  c o a l  i n  a 163 m l  r e a c t o r .  Chemical ana lyses  and o r i g i n s  of t h e  v i t r a i n s  of 
d i f f e r e n t  c o a l s  used a r e  g iven  i n  Table 1. A l l  t h e  v i t r a i n s  were -200 mesh, 
and were degassed i n  a h igh  vacuum a t  looo C p r i o r  t o  the experiment.  
gaseous products  were analyzed by mass spec t romet ry .  

Tars  and cha r s  were pressed  i n t o  K B r  p e l l e t s  f o r  i n f r a r e d  a n a l y s i s .  Tars were 
a l s o  d i s so lved  i n  benzene or  e thano l  f o r  u l t r a v i o l e t  a n a l y s i s .  

The d i scha rge  was produced by a Raytheon microwave gene ra to r  ( 2 4 5 0  

mm Hg) o r  i n  t h e  i n i t i a l  p resence  of 

The 

. 

~~ ~~ -~ 
* V i t r a i n s  of c o a l s  were used throughout t h i s  paper .  
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Table 1. Analyses  of v i t r a i n s  (mois ture  f r e e  b a s i s ,  p e r c e n t )  

0 Volati le 
C H N S (by d i f f . )  Ash matter 

An t h r a c  i eel' 91.06 2.49 0.96 0.83 2.98 1.77 6 .1  

89.57 4.67 1.25 .81 2.17 1.53 20.2 Low v o l a t i l e  
b i tuminous l l  

2.06 39.2 High-vo la t i  l e  

L i g n i t e 4 1  66.45 5.40 .31 1 .40  22.84 3.60 44.0 

5.56 1.71 .97 7.93 bituminous31 81*77 

' - 11 - 21  Pocahontas N o .  3 Bed, Buckeye N o .  3 Mine, Page Coal and Coke Co.,  

- 31 Bruce ton ,  Pennsylvania  Bed, Allegheny County, Pennsylvania .  
- 41 

Dorrance Mine, Lehigh Val ley  Coal Co., Luzerne County, Pennsylvania .  

Stephenson, Wyoming County,  West V i r g i n i a .  

Beulah-Zap Bed, North U n i t ,  Beulah Mine, Kni fe  R ive r  Coal  Mining Co.,  
Beulah, Mercer County ,  North Dakota. 

RESULTS AND DISCUSSION 
Gas Evo lu t ion  During t h e  Discharge P y r o l y s i s  

Coa l ,  on being  sub jec t ed  t o  microwave r a d i a t i o n  and e x c i t a t i o n  by a Tes l a  c o i l ,  
r e a d i l y  g i v e s  up enough of i t s  v o l a t i l e s  t o  s u s t a i n  the  d i s c h a r g e  i n i t i a l l y .  
F igu re  1 shows the  p re s su re - t ime  r e l a t i o n s h i p s  du r ing  t h e  d i scha rge  py ro lyses  
f o r  a l i g n i t e ,  a h i g h - v o l a t i l e  bituminous c o a l ,  a low-vo la t i l e  bituminous c o a l ,  
and an a n t h r a c i t e .  The z e r o  t i m e  is  the  t i m e  t he  plasma appeared ,  and t h e r e  i s  
u s u a l l y  some s o r t  of " induc t ion  per iod"  be fo re  a n  e x t e n s i v e  bui ld-up  of t he  
p r e s s u r e  t a k e s  p l ace ,  excep t  f o r  t he  l i g n i t e  where the  p r e s s u r e  r ise  i s  spon- 
t aneous .  For  each v i t r a i n ,  the  p re s su re  reaches  a p l a t eau  a f t e r  some t i m e .  
S u b s t a n t i a l  amounts o f  t a r s  were produced from t h e  hvab and t h e  lvb c o a l s ,  and 
i t  was n o t i c e d  t h a t  t h e  tars depos i t ed  on t h e  r e a c t o r  w a l l  immediately a f t e r  
t h e  d i scha rge  was i n i t i a t e d .  

The r e s u l t s  and t h e  p re s su re - t ime  r e l a t i o n s h i p s  show t h a t  t h e  d i scha rge  py ro lys i s  
of  c o a l  ( excep t  f o r  l i g n i t e )  may be d iv ided  i n t o  t h r e e  s t a g e s :  , 

(1)  P a r t i a l  c a r b o n i z a t i o n  t o  produce t a r .  This proceeds  a t  a r e l a t i v e l y  
low r a t e  wi thout  s i g n i f i c a n t  gas  e v o l u t i o n  -- an " induc t ion  per iod"  f o r  gas  
e v o l u t i o n .  

( 2 )  The p r i n c i p a l  r e a c t i o n  - -  p y r o l y s i s  wi th  accompanying g a s i f i c a t i o n .  

( 3 )  Degassing o f  r e s i d u a l  char .  This r a t e  is very  slow. 
This  proceeds  a t  a r e l a t i v e l y  h igh  r a t e .  

The h igh  e v o l u t i o n  o f  g a s e s  i n  the  second s t a g e  t akes  p l a c e  on ly  a f t e r  t he  
p r e s s u r e  i n  the  system has  g r a d u a l l y  b u i l t  up t o  a po in t  (0.5 t o  1 mm), where 
t h e r e  a r e  s u f f i c i e n t  c o n c e n t r a t i o n s  of e l e c t r o n s ,  atoms, and i o n s  p re sen t  i n  the  
d i scha rge  so t h a t  t hese  energeLic  s p e c i e s  can  a c t i v e l y  bombard t h e  c o a l  t o  
a c c e l e r a t e  t h e  decomposi t ion o f  thc c o a l .  Fo r  t h e  l i g n i t e  t he  r ap id  g a s  
evoluLion t akes  p l ace  spon taneous ly ,  presumably owing t o  i t s  r e a d i n e s s  t o  r e l e a s e  
s u f f i c i e n t  amounts of  v o l a t i l e  m a t t e r  which i s  conver ted  t o  t h e  e n e r g e t i c  spec ie s .  
As shown i n  F igu re  1,' t h e  r a t e  of g a s  evo lu t ion  a t  t h i s  s t a g e  i n c r e a s e s  wi th  
v o l a t i l e  matter c o n t e n t  of t h e  coa l .  

I' 

I 

I 
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In t he  t h i r d  s t a g e ,  t he  gas  e v o l u t i o n  reaches  a l imi t . .  Table 2 shows t h e  t y p i c a l  
product ana lyses  ob ta ined  a t  t he  end o f  t h e  r e a c t i o n  t i m e  i n d i c a t e d  i n  F igure  1. 
The e x t e n t  of d e v o l a t i l i z a t i o n  o r  g a s i f i c a t i o n  i n c r e a s e s  wi th  v o l a t i l e  ma t t e r  
con ten t  of t he  c o a l .  In g e n e r a l ,  t he  amounts of gases  evolved are comparable to 
those  evolved from thermal decompositions of t he  c o a l s  a t  about  1000° C ,  bu t  t he  
products  a r e  r i c h e r  i n  H2 and C2H2. 

Table 2 .  Discharge py ro lys i s  of c o a l  

L i g n i t e  hvab lvb An th rac i t e  

44.0 39.2 20.2 6 .1  V o l a t i l e  m a t t e r ,  

Reaction t ime, 

Product ,  10-l' mmoles/g. coa l  

percent  

min 
I 10 20 20 20 

H 3  86.5 103 120 

C3Ha 7.8 15.0 7.9 
CZHS 0.7 0.9 0.2 

c 02 8.7  0.8 0.1 
H2 0 5.5 2.0 3.5 

cH4 2.7 3.5 1.4 

co 83.5  35.7 11.3 

To ta l  gases ,  w t  pc t  32.6 17.5 8 .6  
C g a s i f i e d ,  pe rcen t  20.6 11.1 4.2 

3.9 5.7 2.7 C converted t o  gaseous 
hydrocarbons,  pe rcen t  

E f f e c t  of I n i t i a l  Presence of Argon 

60.2 
5.0 
1.8 

t r a c e  
3.9 

trace 
1.9 
3.3 
1 . 2  

0.6 

The pressure- t ime r e l a t i o n s h i p  du r ing  the  d i scha rge  p y r o l y s i s  in  t h e  presence of 
added argon (F igure  2 )  shows t h a t  t h e  r a p i d  gas  e v o l u t i o n  t akes  p l ace  as soon a s  
the  d i scha rge  is  i n i t i a t e d  and proceeds a t  a h ighe r  r a t e .  Here,  t h e  gas  evo lu t ion  
a l s o  quick ly  reaches  a l i m i t ,  but t h e  i n i t i a l  " induct ion  period" f o r  t he  g a s  
evo lu t ion  does no t  e x i s t .  Ev iden t ly ,  the added argon immediately forms s u f f i c i e n t  
concen t r a t ions  of e n e r g e t i c  s p e c i e s  upon i n i t i a t i o n  of t h e  d i s c h a r g e ,  t hus  a l lowing  
s t a g e s  1 and 2 t o  proceed concur ren t ly .  The gas  evo lu t ion  reaches  a l i m i t  sooner ,  
bu t  the e x t e n t  of d e v o l a t i l i z a t i o n  of t he  coa l  and the  gaseous product type d d n o t  
d i f f e r  s i g n i f i c a n t l y .  The r e s u l t s  a r e  shown i n  Table 3. 

Gas Composition a t  Various S tages  of Discharge P y r o l y s i s  

I n  o r d e r  t o  i n v e s t i g a t e  the  composition of t he  gases  evolved a t  va r ious  s t a g e s  
of the  d e v o l a t i l i z a t i o n ,  the p y r o l y s i s  was i n t e r r u p t e d  a t  s e v e r a l  s t a g e s  by 
d i scon t inu ing  t h e  d i scha rge .  A t  each s t a g e ,  t he  evolved gases  were measured and 
c o l l e c t e d  f o r  mass spec t romet r i c  a n a l y s i s .  The d i scha rge  -- and the  p y r o l y s i s  -- 
were then continued f o r  the remaining c o a l  u n t i l  no more n o t i c e a b l e  d e v o l a t i l i -  
z a t i o n  could be observed. 

F i g u r e s  3 and 4 show the  r e s u l t s  ob ta ined  f o r  t h e  l i g n i t e  and t h e  hvab c o a l ,  
r e s p e c t i v e l y .  The gas  composition a t  va r ious  s t a g e s  of t he  thermal py ro lys i s  
( t h e  gases  were c o l l e c t e d  a t  200' C i n t e r v a l )  of t he  hvab c o a l  i s  a l s o  shown 
i n  F igure  5 f o r  comparison. 
c o n s t i t u e n t s  of t he  hydrocarbons produced from t h e  d i scha rge  p y r o l y s i s ,  and t h e i r  
concen t r a t ions  a r e  n e a r l y  cons t an t  a t  each s t a g e ,  except  t h a t  t hey  dec rease  a t  
the l a t e r  s t a g e s ,  poss ib ly  because of less evo lu t ion  of hydrogenated carbon- 
s p e c i e s  from the  c o a l .  

Acetylene i n  a d d i t i o n  t o  methane a r e  the  major 
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I! Table 3. Discharge p y r o l y s i s  o f  c o a l  i n  the  presence  of  A r  

L i g n i t e  hvab l v b  An th rac i t e  

V o l a t i l e  ma t t e r ,  

I n i t i a l  p re s su re  of A r ,  

React ion t ime, min 
Product ,  10-1 mmoles/g. c o a l  

pe rcen t  

I r n  

E, 
C b  
C?H2 
C?Ha 
co 
c 02 
H? 0 

T o t a l  Gases,  w t  p c t  
C g a s i f i c d , ' p e r c e n t  
C conver ted  t o  gaseous  

liydrucarbons, p e r c e n t  

44.0 

5 .1  

5 

86.8 
2 . 1  

10.4 
0.6 

79.5 
8 .6  
7 .5  

33.5 
19.4 

4 .5  

3 9 . 2  

5.1 
20 

9n.5 
2.5 

15.8 
0.7 

31.9 
0 . 7  
3.4 

16.5 
11.4 

6.6 

\ 
\ 

20.2 6 .1  

5.1 5 .1  
I 

20 20 

113 6/! . 5  
4.0 0.4 
S.6  2.0 
0.6 t r a c e  

10.8 4 .2  
0.2 t r a c e  
4.9 1.6 
9.4 3 .4  
4.9 1 . 2  

3.5 0 .7  

T a r  - -  S u b s t a n t i a l  amounts of  t a r s  were obta ined  from the  hvab and t h e  lvb  c o a l s  
i n  the  d i scha rge  p y r o l y s e s .  The tars were compared by I R  and UV ana lyses  wi th  
t h e  t a r  ob ta incd  from the  thermal p y r o l y s i s  ( a t  700' C )  o f  t h e  hvab c o a l .  A l l  
t n e  11: s p e c t r a  showed the  presence  of u s u a l  a l i p h a t i c  C-H bands (2860-2940, cm-') 
and a romat i c  hands (740-860 c a - l )  which are t y p i c a l  of  p i t c h  and c o a l .  The t a r s  
o b t a i n e d  from the  d i s c h a r s e  py ro lyses ,  however, exh ib i t ed  weaker a romat i c  bands 
and a stron:;cr ca rbony l  band (1710 cm-l) than  t h e  tar  ob ta ined  from thermal  
p y r o l y s i s .  The UV s p e c t r a  (of the  tars e x t r a c t e d  by benzene o r  e t h a n o l )  exh ib i t ed  
no d i s t i n c t  a b s o r p t i o n  band f o r  t h e  t a r  b t a ined  from the  thermal p y r o l y s i s ,  but 
e x h i b i t e d  bands a t  3140, 3309, and 3470 1 (which could be a t t r i b u t e d  t o  d e r i v a t i v e s  
of  pyrene)  f o r  t hose  o b t a i n e d  from the  d i scha rge  py ro lyses .  

A l l  t he  r e s i d u a l  c h a r s  exhibited no d i s t i n c t  band over  t h e  e n t i r e  IR spectrum. 

- 

E f f e c t  of Cooling by L iqu id  Nitrogen , 

A .  Hvab Coal  - -  When one end of  an h-shaped r e a c t o r  ( v o l .  = 41 m l )  was cooled 
wi th  i i q u i d  Nz whi le  t h e  o t h e r  l e g  con ta in ing  t h e  hvab c o a l  was sub jec t ed  to  the 
d i s c h a r g e  p y r o l y s i s ,  i t  was observed t h a t  t he  p r e s s u r e  reading  of t h e  r e a c t o r  
neve r  exceeded 0 .5  mm d u r i n g  ?he cour se  of t he  decomposition. The end products  
c o n s i s t e d  mainly of  hydrocarbons and water, wi thout  s i g n i f i c a n t  amounts of  H2 and 
CO.  Acecyiene was the  main hydrocarbon, bu t  s u b s t a n t i a l  a m u n t s  of o t h e r  C2, C?, 
CI,, Cg and C6 hydrocarbons were  a l s o  formed. Without l i q u i d  N2 c o o l i n g ,  t he  
o t h e r  C 2  and C j  hydrocarbons were i n s i g n i f i c a n t  and the  C 4 ,  C5 and c 6  hydrocarbons 
were n o t  measurable.  The product a n a l y s e s ,  except  t h a t  f o r  C4, C5 and c 6  hydro- 
ca rbons  whicii c o n s t i t u t e  less than 2 pe rcen t  of t he  g a s e s ,  a r e  shown i n  Table 4 .  
The e x t e n t  0 :  d e v o l a t i l i z a t i o n  and the  hydrocarbon y i e l d  a r e  s i g n i f i c a n t l y  
i n c r e a s e d .  
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With A r  i n i t i a l l y  p r e s e n t  and wi th  c o o l i n g ,  however, t,he p r e s s u r e  reading  increased  
r a t h e r  r a p i d l y  t o  a maximum wi th in  a few minu tes ,  and then dccreased g radua l ly .  
Presumably, l a rge  amounts o f  H2, CO (noncondensable a t  -196' C)  and hydrocarbons 
were r a p i d l y  formed due t o  the h i e h  r a t e  of  g a s i f i c a t i o n  o f  t h e  c o a l  in t h e  A r  
d i s c h a r g e .  The p r e s s u r e  dec rease  i n  the  l a t e r  s t a g e  i s  a t t r i b u t e d  t o  the  
con t inuous  r e a c t i o n  o f  H p  and CO t o  form condensable hydrocarbons.  A s  s een  i n  
Table 4 ,  however, a p p r e c i a b l e  H 2  and CO s t i l l  remained a f t e r  30 minutes of r eac t ion .  
The y i e l d  of ace ty l ene  is ve ry  h igh ,  bu t  t h a t  of  o t h e r  C 2  and C3 hydrocarbons i s  
low. 

These r e s u l t s  may be i n t e r p r e z e d  a s  fo l lows .  In t he  absence of added A r ,  smal l  1 

r e a c c i v e  spec ie s  (H,  0, C ,  CH, c t c . )  and perhaps some l a r g e r  Eragments ( r a d i c a l s )  

< 

\ 

I 

i 
i 

No measurable amounts o!' C q ,  C5 and CG hydrocarbons were found 1 
""L ai-e - - - . . > I . .  _1 .... -..-L,.. 

i, are si"wiy detac;-,ed from ::i, -,:ecu:eJ, \-..- 'dp1I.l Ly C - U L L V C L C C "  L" S L a V L T  

, produc t s  such a s  a c e t y l e n e ,  h i zhe r  hydrocarbons,  and w a t e r ,  which a r e  f i n a l l y  \ 

condensed a t  the l i q u i d  N2 t empera ture .  In t he  presence  of A r ,  however, t h e  \ 

detachinent o f  t hese  fragmen2s proceeds a t  such a high r a t e  t h a t  a l l  t he  products  
formed cannot  be immediately condensed by the  l i q u i d  N 2 .  
molecules  f u r t h e r  decompose or r e a c t  w i t h  0 - spec ie s  t o  form l a r g e  amounts o f  H2 
and C O .  It i s  a l s o  q u i t e  p o s s i b l e  t h a t  d i f f e r e n t  types  of  s p e c i e s  (or s m a l l e r  

/ f r agmen t s )  a r c  r e l e a s e d  i n  the presence  o f  A r ,  r e s u l t i n g  i n  r ap id  format ion  of I 

noncondensablc H 2  and CO. 
then  con t inue  to r e a c t  to  form r e l a t i v e l y  lower hydrocarbons and water .  

As n r e s u l t ,  t he  l a r g e r  

IJi th prolonged r e a c t i o n  t ime,  t h e  H 2  and the  CO would 

I 

I n c r e a s e s  i n  the e x t e n t  of  d e v o l a t i l i z a t i o n  and i n  t h e  hydrocarbon y i e l d  under 
these  cond i t ions  are due p r i m a r i l y  t o  t h e  removal of hydrocarbons ( t h e r e f o r e  no 
f u r t h e r  decomposition o r  po lymer i za t ion ) ,  and of water9  ( t h e r e f o r e  no r e a c t i o n  of 
wa te r  w i th  hydrocarbons t o  form H p  and CO). 

B. L i g n i t e  - -  A s  s een  i n  F igu re  1, l i g n i t e  r e l e a s e s  g a s e s  spontaneous ly  a t  a 
h i g h e r  r a t c  than t h e  hvab c o a l .  Thus. when the  d i scha rge  p y r o l y s i s  of  t h e  l i g n i t e  
was s u b j e c t e d  t o  l i q u i d  N2 coolin:, i t  was observed t h a t  t h e  p r e s s u r e  reading  
inc reased  r a p i d l y  t o  a maximum w i t h i n  1 t o  2 minutes ,  and then decreased  g radua l ly  
t o  p r a c t i c a l l y  ze ro  a f t e r  s e v e r a l  minutes .  A t  t h i s  p o i n t ,  t he  m a j o r  p a r t  o f  t h e  
p y r o l y s i s  of the c o a l  seemed t o  be completed and t h e  d i scha rge  could  no t  be 
main ta ined .  

The reasons  f o r  t h i s  d i f f e r e n t  behavior  (from t h a t  of t he  hvab c o a l )  may be , 
( i )  t h e  spontaneous gas  e v o l u t i o n  a t  a h i g h e r  r a t e  and (ii) t h e  r e l e a s e  of more 
numerous sma l l e r  f ragments  from l i g n i t e ,  r e s u l t i n g  i n  r a p i d  format ion  o f  non- 
condensable  H2 and CO. 
ca rbons  and water i n  the  l a t e r  s t a g e .  The r e s u l t s  i n  Table 4 a l so  show t h a t  
t h e  hydrocarbon y i e l d  i s  ve ry  s i g n i f i c a n t l y  inc reased  under these  cond i t ions .  

S i m i l a r  behavior was observed wi th  added A r  except  t h a t  some p a r t  of the  H p  and 
CO remain un reac ted ,  owing perhaps t o  t h e  slowness wi th  which the  product  spec ie s  

A l l  the  H p  and the CO a r e  e v e n t u a l l y  conver ted  t o  hydro- 

#4iff,4cing ir,t_c t h p  cc1.1 C_TI_" F" the n r D r D n F P  n f  high  concentrat inn n f  Ar. r -  

I t  '21s a l s o  nc t i ced  t h a t  t h e  l i c ~ i t e  y ie lded  a s i g n i f i c a n t  amouRt of COz.  v h i l e  
t h e  hvab c o a i  y i e l d e d  very  smal l  amounts of  CO2 under a l l  c o n d i t i o n s .  This 
s u g g e s t s  t h a t  C 0 2  molecules  a r c  r e l eased  from t h e  l i g n i t e  s t r u c t u r e  r a t h e r  than 
formed f r o n  i n t e r a c t i o n s  o f  Cb and a c t i v e  0 - spec ie s  in t h e  d i s c h a r g e .  
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CONCLUSIONS 
The p r i n c i p a l  r e a c t i o n  i n  t h e  d i scha rge  p y r o l y s i s  of c o a l  i s  r u p t u r e  of t h e  
bonds i n  the  coa l  s t r u c t u r e  by bombardment of e n e r g e t i c  s p e c i e s  (whether r e l eased  
from the  c o a l  o r  formed from argon i n  the  d i scha rge )  on t h e  c o a l  s u r f a c e .  
s p e c i e s  such as H-spec ies ,  0 - spec ie s ,  gaseous C ,  and hydrogenated carbon fragments 
(CH, C2H o r  C H ) are produced from c o a l  i n  t h e  d i s c h a r g e ,  t hese  i n  tu rn  decompose 
o r  combine wi th  each  o t h e r  t o  form hydrogen, water, carbon o x i d e s ,  and hydro- 
carbons .  A f t e r  ex tens ive  decomposition of the c o a l  s t r u c t u r e ,  a l l  t h e  s p e c i e s  
p re sen t  i n  the  d i scha rge  reach a s teady  s t a t e ,  where the  format ion  of hydrocarbons 
i s  l imi t ed  by back r e a c t i o n s  wi th  water  t o  form Hg + CO and g a s i f i c a t i o n  of s o l i d  
i s  somewhat compensated by polymer iza t ion  of hydrocarbons.  

Thus, i f  the decomposition products  a r e  r a p i d l y  removed by a l i q u i d  n i t rogen  
t r a p  as they are formed, h igh  yieLd of hydrocarbons consis t inn,  mainly of ace ty l ene  
can  be obta ined .  The process  f o r  t he  d i scha rge  p y r o l y s i s  o f  h i g h - v o l a t i l e  
bituminous c o a l  under t h e s e  cond i t ions  i s  unique i n  t h a t  i t  conve r t s  more than 
21 percent  oE carbon i n  c o a l  to h ighe r  hydrocarbons (up t o  C6) wi thout  t h e  
accompanyinz formation of H2 and CO. 
c o n d i t i o n s ,  however, t h e  py ro lys i s  products  are lower hydrocarbons (below C4) 
and subsCan t i a l  a m u n t s  of H2 and GO, owing t o  t h e  inc reased  r a t e  of g a s i f i c a t i o n .  
Hence, the p;oduct type and d i s t r i b u t i o n  can be in f luenced  by t h e  rate of formation 
o r  removal of  t he  products .  

Numerous 

X Y  

' 

With argon i n i t i a l l y  p r e s e n t  under similar 
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I 

( 1 9 6 5 ) ,  s t u d J e d  , t l w  infl,uer!ce of ; t r m p e r a ' t u r ~ . ,  p r e s s u r e ,  hydrogen- .  
011 ' r a t i o , ,  d i l u e n t s , , .  arid c a t a l y s t s  on t h e  h y d r n c r a c k i n g  of l o w  
t e m p e r a t u r e  t ' a r s  and r e p o r t e d  minimum c o k e  4 i e ' l d s  u s i n g  t e t r a l i n  
and  c y c l o h e x a n e  a s  d i l u e n t s .  K a t s n b b s h v  1 1 1  and  E ; l b e r t  (1906)  
r e p o r t e d  .a y i e l d  of 83 .8% s a l e a b l e .  p r o d u c t s  when a t a r  d i s t i y l l a t e  
b o i l i n g  f r o m . 2 3 0 °  t o  360oc was h y d r o c r a c k e d  i r i  a c o n t i n u o u s  f i x e d  
bed r e a c t o r  a t  ,SO@.o to 5 5 0 O C  and 5 0  a t m o s p h e r e s  u n d e r  r e c y c l e  con-  
d i t i o n s .  T h e .  ec:onomIc f e a s i b i  11 t y  of  pr-od.ucing g a s o l i n e '  f r o m  c o a l  
by t h e  H-.coal p r n c a s s ,  w h e r e i n  t h e  h e a v y  o i l  p r o d u c e d  i n  t h e  . f irst  
s t a g e  was  hydr'.ocrat k c d  i n  a s l l b s e q u e n t  s t a g e  ~ was d e m o n s t r a t e d  , by  
t h e  r e s u l t s  pub.1ishe.d by X l p r r t ,  F S  a : l  ( ' 1 ? 6 6 ) ,  Z i e l k e ,  e t  a 1  
(1966) .  1 n v e s t . i g a t e d  the. s u i t a b i l i t y  c f  z inci h a l l i d e  c a t a l y s t s  f o r  
h y d r o c r a c k i n g  c:oa'l c - - x t r a c t s  f n r  t h e  p r o d u c t i o n  of g a s o l i n e .  The 
r e s ~ l t s  ind ica t .Ed  t h a t  0 maximuni y i c . l d  of 68% of  g a s c r l i n e .  c o u l d  
b e  o b t a i n e d  a t  4 2 7 ° K .  4 2 0 0  p s i  p r e s s u r e  and 60 m i n u t e s  r e a c t i o n  
t i m e .  I n  t h e  pre . ,cen t  . c o m m u n i c a t i o n ,  t h e  results of h y d r o c r a c k i n g  
o f  a , l o w  t e m p e r a t u r e  c o a l  t a r  i n  a b a t c h  a u t o c l a v e  o v e r  a c a t a l y s t  
c o n t a i n i n g . , s u l p h i d e s  of n i c k e l  and t u n g s t e n ,  s u p p o r t e d  o n  s i . l i c a -  
a l u m i n a ,  a r e  d e s c r  i b t d  The i n f l u e n c e  of t e m p e r a t u r e  and p r e s s u r e  
o n  p roduc t ,  d i . s t r i b - l t i o n  and k i n e t i c ;  ev i>Lud t i t i n  o f  the d a t a  a r e  
p r e s e n t e d .  

- E x p e r i m e n t a l  

- M a t e r i a l s .  
. .  . .  

L o w  t e m p e r a t u r e .  t a r  from a ' h i g h  v o l a t i l e  b i t u m i n o u s  coa l  from 
I : t a h  w a s  p r e p a r e d  b y  c a r b o n i z a t i o n  a t  5 5 O o C  i n  a l a b o r a t o r y  o v e n .  
The l i g h t  o i l .  b o i l i n g  u p  t o  200°C was se .pa ra t ed  f r n m  t a r  by d i s . - .  
t i l l a t i o n  (Table .  1 1 .  T h e  c a t a l y s t  ( c o m m e r c i a l )  c o n t a i n e d  6% , n i c k e l  
and  19% - t u n g s t e n ,  b c t t i  a s  s u 1 p h i d e s ;  s u p p o r t e d  o n  si l i c a - . a l u m i n a  
and  had a s u r f a c e  a r e a  o f  2 1 2  s q .  m e t e r s  per gram a n d  s i z e  of -200 
mesh, .  5-A mole.cu:l.&r s i e v e s  were of c t i r .omatograpl i . i c  g r a d e .  

E q u i p m e n t ,  
, 

A 1 - l i t r e  h i g h  p r e s s u r e  aau toc lave  w i t h  a m a g n e t i c  d r i v e  
s t i r r e r ,  p r e s s u r e  arld t e m p e r a t u r e  c o n t r o l  d e v i c e s ,  l i q u i d  and  gas  
s a m p l i n g  l i n e s ,  and w a t e r  q l i e n c h i n g  s y s t e m  ( F i g u r e  1 )  and  h y d r o g e n  
c y l i n d e r s  w i t h  maximum p r e s s u r e  of 2 3 0 0  p s i  were u s e d .  

- P r o c e d u r e  f o r  hydror Lack i n g  e x p e r i m e n t s  

I n  eac l i  e x p c r i r n e r i t  1 0 0  c I C  of t a r  and 10  g r a m s  of t h e  c a t a l y s t  
were u s e d  Ttie e q u i p m e n t  was e v a c u a t e d  t o  remove most  o f  t h e  a i r ,  
f i l l e d  w i t h  hydroger i  arid h e a t e d  t o  t h e  d e s i r e d  t e m p e r a t u r e .  The 
t e m p e r a t u r e  I-os- t o  3 O O o C  i n  2 1  m i n u t e s  and 500°C i n  2 8  m i n u t e s .  
The r e a c t l o n  t i m f  w d s  t a k e n  from t h e  s t a r t  of  h e a t i n g  t h e  e q u i p m e n t .  
k h e n  t h e  r e a c t i o n  t c  r n p e r a t u r e  was  r e a c h e d ,  t h e  p r e s s u r e  was a d j u s t e d  
to t h e  e x p e r i m e n t a l  v a l u e  and m a i n t a i n e d  c o n s t a n t  t h r o u g h o u t  e x c e p t  
i n  e x p e r i m e n t s  c.ontlucted a t  p r e s s u r e s  h i g h e r  t h a n  2000 p s i  where  
t h e r e  w a s  a r e d u c t ~ o ~ l  1 1 1  p r t s s u r e  o f  a b o u t  200  t o  300 p s i  d u r i n g  
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t h e  c o u r s e  of t h e  e x p e r i m e n t  E x p e r i m e n t s  were c o n d u c t e d  a t  d i f -  
f e r e n t  r e a c t i o n  t i m e s  and 4 g a s  s a m p l e s  were t a k e n  o u t  d u r i n g  e a c h  
e x p e r i m e n t .  A t  t h e  e n d  of t h e  r e a c t i o n  t i m e ,  h e a t i n g  w a s  s t o p p e d  
and t h e  p r o d u c t  was q u e n c h e d  r a p i d l y  b y  c i r c u l a t i n g  w a t e r  i n  t h e  
c o o l i n g  c o i l  immersed  i n  i t .  I t  t o o k  1 t o  2 m i n u t e s  t o  c o o l  t h e  
p r o d u c t  down t o  250°C and 1 5  m i n u t e s  t o  a t m o s p h e r i c  t e m p e r a t u r e .  
The p r e s s u r e  was  t h e n  r e  l e a s e d  s l o w l y  and t h e  a u t o c l a v e  o p e n e d .  
T h e  prnr_luct w a s  t r ~ n s f ~ r r ~ r l  to a b e a k F r :  filtered t o  remove t h e  
c a t a l y s t ,  and t h e  w a t e r  s e p a r a t e d  t o  ge t  t h e  t o t a l  o i l  p r o d u c t ,  
The m e c h a n i c a l  l o s s e s  were  f o u w l  t o  be l e s s  t h a n  1%- The y i e l d  o f  

' t h e  p r o d u c t  was t a h e f i  a s  J O @ %  and 100 m i n u s  t h e  t o l u m e  of t h e  t o t a l  
o i l  p r o d u c t  was t a k t n  A S  p e r c e n t  c o n v e r s i o n  t o  g a s  A f e w  c.c o f  
t h e  t o t a l  o i l  p r o d u c t  were  osed f o r  s u l f u r  and n i t r o g e n  a n a l y s i s  
and t h r  r e m a i n d e r  was washed w i t h  10% s o d i u m  h y d r o x i d e  and 20% 
s u l p h u r l c  a c i d  t o  remove t a r  acid.-  and b a s e s  r e s p e c t i v e l y  The 
n e u t r a l  0 1 1  was then d i s t i l l e d  i n t o  3 g a s o l i n e  f r a c t i o n  b o i l i n g  u p  
t o  20OoC a d i e s e l  n i l  f r a c t i o r i  b o i l i n g  from 200° t o  360°C and 
r e s i d u e .  T h e  volume of E a t h  f r a c t i o ?  i n  c cy o b t a i n e d  f r o m  t h e  
t o t a l  o i J  p r o d u c t  was t a L e i i . a s  volum6 p e r c e n t  c o n v e r s i o n  t o  t h a t  
p a r t i c u l a r  f r a c t i o n  

---- P r o d u c t  a n a  1 ~ s  

S u l f u r  was d t - t e r m i i i e d  b j  t h e  bomb method and n i t r o g e n  b y  t h e  
C-11-h c h r o m a t o g r a p h i c .  a n ~ l y z r r  F M .  Model  1 8 5 -  Tar. a c i d s  and 
b a s e s  were e s t i m a t t d  b y  c x t r a c t i o n  w i t h  10% sodium h y d r o x i d e  and 
205 s u l p h u r  i c  ac i d  r e s p e c  ti v t  Ly H y d r o c a r b o n -  t y p e  a n a l y s i s  was 
d o n e  by t h e  F l u o r e s c e n t .  l n d  i r a t o r  A d s o p r t i o n  method (ASTM, D1319-  
6 5 " )  F o r  the e s t i m a t i o n  o f  n a p h t h e n e s  and i s o p a r a f f i n s ,  t h e  
s a t u r a t e d  h y d r o c a r b o n  p o r t i o n  was f i r s t  s e p a r a t e d  f r o m  t h e  m i x t u r e  
b y  s u l p h o n a t i o n  w i t h  a m i x t u r e  o f  70% c o n c e n t r a t e d  s u l p h u r i c  a c i d  
and 30% p h o s p h o r u s  pe n t o x  i d e  (AZTM, D1019-62) The n a p h t h e n e s  
were e s t i m a t e d  by tlie r e f r a c t i v i t y  i n t e r c e p t  method (ASTM,  D1840- 
6 4 ) .  The h p a r a f f i n  c o n t e n t  was d e t e r m i n e d  -by a r l g o r p t i o n  o v e r  , 
5 - A  m o l e c u l a r  SIEYFS i n  a gla'ss co lumn of O C ' 5 - i n c h  d i a m e t e r  and 
7 . 5 - f o o t  l e n g t h  The i s o p a r a f f i n s  w e r e  o b t a i n e d  by t h e  d i f f e r e n c e .  
T h e  d i e s e l  i n d e x  was c a l c ~ ~ l a t e d  f rom A P I  g r a v i t y  and a n i l i n e  p o i n t .  
The g a s  a n a l y s i s  was d o n e  by g a s  c h r o m a t o g r a p h y  i n  t h e  F M. Model 
720 d u a l  co lumn p r o g r a m w d  t e m p e r a t u r e  g a s  c h r o m a t o g r a p h .  

- R e s u l t s  and D i s c u s s i o n  

- P r o d u c t  d i s t r  ibu-. 

The  y i e l d  of g a s o l i n e  and gas and t h e  i s o - n o r m a l  r a t i o  i n  
b u t a n e s  i n c r e a s e d  w i t h  t e m p e r a t u r e  w h e r e a s  t h e  d i e s e l  o i l  d e c r e a s e d  
w h i l e  t h e  r c s i t l u e  r e m a i n e d  a l m o s t  t h e  same ( F i g u r e  2 ) .  Tar a c i d s  
and  bases were removed c o m p l e t e l y  a l o n g  w i t h  most of t h e  s u l f u r  
and n i t r o g e n  a t  45OoC and 1500 p s i  p r e s s u r e  ( T a b l e  1 1 ) .  I s o m e r i z a -  
t i o n  i n c r e a s e s  w i t h  c r a c k i n g  and t h e  g a s  y i e l d  and  i s o - n o r m a l  r a t i o  
i n  b u t a n e s  a r e  q u a l i t a t i v e  i n d i c a t i o n s  of t h e  e x t e n t  of c r a c k i n g  
rezct:ons t a k i c g  p l a c e  l e a d i n g  t o  t h e  f o r m a t i o n  of g a s o l i n e .  A 
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I 

I 
'I 

1 

p r e s s u r e  o f  I j 0 0  p s i  1 s  s u f f i c , i e n t  to  s u p p r e s s  coke.-form.ing r e a c -  
t i o n s  and t h e  g a s o l i n e  is former: m a i n l y  b y  t h e  c r a c k i n g  of t h e  
d i e s e l  o i l ,  t h e r e . b y  a f f e : c t i n g  the q u a n t i t y  and  q u a l i t y  of t h e  
l a t t e r .  The c o m p o s i t . i n n  o f  g a s o l i n e  o b t a i n e d  a t  d i f f e r l e n t  t e m p e r -  
a t u r e s  r e m a i n s  a l m o s t  t h e  same and t h e  a r o m a t i c s  of t h e  g a s o l i n e  
a r e  m a i n l y  for-med b y  . t h e  . d e a : l k y l a t . i o n  of a l k y : L b & n z e n e s ,  hydro -  , . 
c r a c k i n g  o f  I i y d r . o . . a r o m a t i c s ,  , a n d  hydro re -mova l  o f  s u l f u r ,  o x y g e n ,  
a n d  n i t r o g e n  c o m p o u n d s .  

, The, g a s o l i n e  .y ' ie  16 i n c r e a s e d  a t  r l i f f e r e . n t  r a t e s  w i t h  pr%ssure 
( F i g u r e  3'). T h e  r a t e  q f  g a s o l i n e  f o r m a t i o n  w a s  h i g h  i n  t h e  p r e s -  
s u r e  range 1 0 0 0  t o  1 5 0 0  ps-I s : towing ,  tiown i n  t h e  r a n g e  1500 to  
2500 p s i ,  and , i n c r e a s i n g  a g a i n  a t  1 ) ighe . r  p r e s s u r ~ s .  The r e s i d u e  
d e c r e a s e d  r a p i d l y  i n  t h e  r a n g e  1 0 3 0  t o  1500  p s i  but, t h e  d e c , r e a s e  
w a s . s m a l 1  a t  h i g h e r  p r6 . s su re . s  00 t h e  i . t h e r  h a n d ,  t h e  g a s  y i e l d  
aiid i s o - n o r m a l  r a t i o  i n  b u t a n e s  r e a a i n e d  ar tmost  c o n s t a n t  u p  t o  a 
p r e s s u r e  o f  l 5 O O  p s i  a,nd i n c r e a s e d  a t  h . ighe r  pressures ( F i g u r e  4 ) .  
P r e s s u r e  doe.s riot Iiave a marked i n f l u e n c e  o n  c r a c k i n g  r e a c t i o n s  i n  
t h e  r a n g e  1000 t o  1 5 0 0  p s i  b u t  the.  i n c r e a s e  i n  t h e  y i e l d  o f  gaso- 
l i n e  is d u e  t o  t h e  s u p p r e s s i o n  o f  t h e  c o k e . f o r m i n g  r e a c t i o n s .  I n  
t h e  r a n g e  21700 t o  2500  p s i -  p a r t i a l  h y d r o g e n a t i o n  o f  a r o m a t i c s  t o  
h y d r o . . a r o m a t . i c s  t a k e s  p l a c e  fo'L'1owc.d b y  t h e  c r a c k i n g  of t h e  l a t t e r  
w h i c h  i n c r e a s e s  t h e  y i e  Id  of g a s o l i r i c '  and  t h e  a r o m a t i c  c o n t e n t  
( F i g u r e s  5 t o  7 ) .  A t  l?iglie:r p r ~ s s l u r e s  c o m p l e t e  hydr .ogena t . i on  of 
a r o m a t i c s  to  i i aph the .ns s  tak.6.s p l a c e  and i n c r e a s e s  t he  g a s o l i n e  
y i e l d .  The n a p h t h e w s  i n  t h e  g a s n ' l i n e  i n c r e a s e  w i t h  a c o r r e s p o n d -  
i n g  d e c r e a s e  j i i  t h e  a r n m a t  its. I s n m e r y i z a t i o n  i n c r e a s e s  w i t h  pres- 
s u r e  antl temper  a t u r e  . ll.igh~ arc?ma t ic g a s o l i n e s  w e r e  o b t a i n e d  i n  t h e  
p r e s s u r e  r a n g e  1 7 5 0  t o  2500 psi ( T a b l e  111) A maximum y i e l d  o f  
7 7 5  of g a s o l i n e  was  o b t a i n e d  a t  500°C and 3000 p s i  p r e s s u r e  b u t  
t h e  h i g h e s t  q u a l i t y  p r o d u c t  c o n t a i n i n g  60% a r o m a t i c s  and  13% i so -  
p a r a f f i n s  was  f o r m e d  a t  450°C a n d  2000 psi  p r e s s u r e  w h i c h  c a n  c o m -  
p a r e  w e l l  w i t h  t h e  premium g r a d e  g a s o h n e  f r o m  p e t r o l e u m  ( T a b l e  IV). 

- K i n e  t i c :  s 

, 

E q u i l i b r i u m  was  reached a t  d i f f e r e n t  t i m e  p e r i o d s  a t  d i f f e r e n t  
t e m p e r a t u r e s  w i t 1 1  r r s p e . c t  t o  g a s o l i n e  f o r m a t i o n  b u t  t h e  c o n v e r s i o n  
w a s  100"; i l l  t h e  case .  o f  s u ' l f u r  and n i t r o g e n  r e m o v a l  (Figures 8 t o  
l o j .  The s u l f u r  and  n i t r o g e n  r e m o v a l  r e a c t i o n s  a r e  n o t  g o v e r n e d  b y  
thermodynamic: l i m i  t a t i . o n s  b u t  a r e  l i m i t e d  o n l y  b y  k i n e t i c  f a c t o r s  
under .  t h e  e x p e r i m e n t a l  c - o n d i t i o i l s  employer l .  P l o t s  of log v e r s u s  
t i m e  ( F i g u r e s  7 1  t o  lj), where  'talt  is t h e  e q u i l i b r i u m  c o n v e r s i o , n  i n  
c,ase o,f gaso l in r :  antl i n i t i a l  c o n c e n t r a t i o n  i n  case  o f  s u l f u r  and  
r i i t r o g e n , .  a rc  l i n e a r  antl the h y d r o c r a c k i n g  r e a c t i o n s  w i t h  respect 
t o  , o a s o l l n e  f o r m a t i o n  anti r e m o v a l  of s u l f u r  a n d  n i t r o g e n  a r e  a l l  
f i r s t - p r d e r  . 'P l i e  f i r s t . ; o r d C r  r a t e  c o n s t a n t s  a r e  t h u s  r e p r e s e n t e d  
b y  e q u a t j o r l s  1 t o  3 .  

i 
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E ks ( S u l f u r )  d ( S u l f u r ]  
d t  

m i  t r o g e n j  
d t  = k n  ( N i t r o g e n )  

where  l l k g , 1 7  rcks, l r  and t rkn lr  a r e  r a t e  c o n s t a n t s  f o r  g a s o l i n e  forma- 
t i o n  and  r e m o v a l  o f  s u l f u r  and n i t r o g e n  r e s p e c t i v e l y .  T h e r e  was no 
c h a n g e  i n  t h e  c o n c e n t r a t i o n  of  h y d r o g e n  i n  t h c  s y s t e m  d u r i n g  t h e  

I 

c o u r s e  of the r e a c t i o n  s i n c e  t h e  h y d r o g e n  p~ e s s u r e  w a s  m a i n t a i n e d  I 
, c o n s t a n t  t h r o u g h o u t  l l q d r o g e n  a t o m s  may b e  i n v o l v e d  i n  the  r a t e -  

d e t e r m i n i n g  s t e p  b u t  % h e  ir c o n c e n t r a t i o n  c o n s t i t u t e s  o n e  of the  
c o n s t a n t  f a c t o r s  i n  t h e  r a t e  c o n s t a n t  t e r m  and d o e s  n o t  show u p  i n  
t h e  r a t e  e q u a t i o n .  l l owever .  h y d r o g e n  a c t u a l l y  t a k e s  p a r t  i n  t h e  
h y d r o c r a c k i n g  r e x  t i n o s  dnd , h e n c e ,  @\he r e d c  t i o n s  a r e  c o n s i d e r e d  
p s e u d o - f  1 I st o r d e r  

I 
I 

The h y d r o c r a c k  i r i g  r e a c t i o n s  u n d e r  s t u d y  fo l low t r u e  A r r h e n i u s  
t e m p e r a t u r e  d e p e n d e n c e  ( F i g a ~ r e  14) and t h e  r a t e  c o n s t a n t s  c a n  b e  
r e p r e s e n t e d  b >  e q ? l a t i o n s  4 t o  6 .  

kg = 0 1567 x 1 0 6  e 17:600/RT h r s  ( 4  1 
( 5 )  
( 6 )  

14 500 /RT h r s  -1 

hn I 0 4 7 j E  x l o 5  E 15.900/RT hrs. . l  

k, = c? 2134 x L O 5  e 

The f o l l o w i n g  v a l u e s  c,f e n t h a l p i e s  and e n t r o p i e s  of a c t i v a t i o n  were 
c a l c u l a t e d  b y  tht E y r i  ng e q u a t i o r l  p l o t b n g  l og  k’/T v e r s u s  T ( F i g u r e  
1 5 )  

A H g  = 16,200 c a l  / m o l e ,  asg  = 4 3  5 e.u. 
A l l s  = 12,200 c a l  /mole, ASs = -44.9 e . u  

411, = 14,QOO c a l  /mole, ASn = 45 9 e - u .  , 
L i n e a r  r e l a t i o n s h i p  w a s  f o u n d  b e t w e e n  k g ,  k s ,  and k n  ( F i g u r e  1 6 )  
and c a n  b e  r e p r e s e r i t e d  by e q u a t i o n s  7 t o  9 

A m a j o r  p a r t  of  tile g a s o l  iiie is e x p e c t e d  t o  be fo rmed  b y  t h e  c r a c k -  
i n g  o f  h y d r o c a r b o n s ,  b u t  a m i n o r  p a r t  comes from t h e  d e c o m p o s i t i o n  
of  some of  t l l t  s l i l f u r ,  o x y g e n .  and  n i t r o g e n  compounds.  The y i e l d  
of g a s o l i n e  t h u s  tle.peritls, t o  some e x t e n t ,  o n  t h e  r e m o v a l  of s u l f u r  
and n i t r o g e n  a n d  t h i s  may r e s u l t  i n  some s o r t  o f  i n t e r r e l a t i o n s h i p  
b e t w e e n  k g ,  k s ,  and  k l l .  The d i s s o c i a t i o n  e n e r g i e s  of t he  C-C, C-S, 
and C-.X bonds  may a l s o  have  some i n f l u e n c e  o n  t h e  a b o v e  r e l a t i o n -  
s h i p ,  e s p e c i a l l > -  b e t w e e n  k, and k n .  However,  t h e  r e s u l t s  p r e s e n t e d  
i n  t h i s  p a p e r  do n o t  t h r o w  muc.li l i g h t  o n  t h e  e f f e c t  of o t h e r  t e m -  
p e r a t u r e  and p r e s s u r e  c o n d i t i o n s  and  e q u a t i o n s  7 t o  9 a r e  n o t  con- 
s i d e r e d  t o  b e  h a v i n g  much q u a n t i t a t i v e  s i g n i f i c a n c e  a t  t h i s  s t a g e .  



I 

33. 

The e n e r g i e s  and E n t h a l p i e s  of a c t i v a t i o n  i n d i c a t e  t h a t  c h e m i -  
c a l  r e a c t i o n s  b u t  n o t  p h y s i c a l  p r o c e s s e s  a r e  r a t e - c o n t r o l l i n g .  The 
p r o b a b l e  chemi c a  1 re. a c  t i o n s  oc c u r r . i n g  d u r i n g  h y d r o c r a c k i n g  are  
c r a c k i n g ,  . i s o m e r . i z a t i o n , .  h y d r o g e n a t i o n ,  p o l y m e r i z a t i o n ,  c o n d e n s a t i o n ,  
and d e h y d r o g e n a t i o n ,  a l l  t a k i n g  p l a c e  on  t h e  c a t a l y s t  s u r f a c e .  Under 
t h e  e x p e r i m e n t a l  c o n d i t i o n s  employed  p o l y m e r i z a t i o n ,  c o n d e n s a t i o n ,  
and d e h y d r o g e n a t i o n  a r e  v e r y  muc.h s u p p r e s s e d  a n d  may be e l i m i n a t e d .  
I t  h a s  been  e s t a b l i s h e d  by Weirz  and P r a t e r  ( 1 9 5 7 )  and Keu lemans  

I and Voge (19.59) t h a t  r e a c t i o n s  o c c u r r i n g  on a c i d i c  s i tes of t h e  
1 , d u a l - f u n c t i o n a l  c a t a l y s t ,  l i k e  t h e  o n e  used  i n  t h i s  i n v e s t i g a t i o n ,  ? a r e  r a t e - d e t e r m i n i n g  wh.ich e l i m i n a t e s  t h e  p o s s i b i l i t y  of h y d r o g e n a -  

t i o n  r e a c t i o n s  t o  b e  r a t e - . l i m i  t i n g .  Hence.  c r a c k i n g  r e a c t i o n s  
i n v o l v i n g  t h e  b r e a k a g e  o f  c h e m i c a l  b o n d s  and t h e  i s o m e r i z a t i o n  
r e a c t i o n s ,  wl!ere i n  s k e l e t a l  r e a r r a n g e m e n t  o f  c a r b o n i u m  i o n s  t a k e s  

I p l a c e ,  must  b e  r a t e - l i m i t i n g .  ' It is known t h a t  i n  c a t a l y t i c  h y d r o -  

! t i o n  of  t h e  c r a c k e d  f r a g m e n t s  occurs w i t h o u t  a n y  c h a n g e  of t h e  

1 9 6 0 ) .  An excess o f  b r a n c h e d  isomers t h a n  c a n  b e  p r e d i c t e d  b y  
the rmodynamic  e q u i l i b r i u m  a r e  a l s o  f o r m e d ;  t h e  l a t t e r  c a n  o n l y  
h a p p e n  i f  t h e  i s o m e r i z a t i o n  of t h e  c r a c k e d  f r a g m e n t s  c a n  o c c u r  
v e r y  r a p i d l y  and l e a v e  the c a t a l y s t  surface w i t h o u t  a p p r e c i a b l e  
r e a d s o r p t i o n .  T h a r e f o r e . ,  t h e  i s o m e r i z a t i o n  is b e l i e v e d  t o  be v e r y  
r a p i d  and c a n n o t  b a  r a t e - c o n t r o l l i n g .  HPnce, t h e  c r a c k i n g  reac- 
t i o n s ,  i n v o l v i n g  t h e  b r e a k a g e  of  c h e m i c a l  b o n d s  o n  t h e  c a t a l y s t  
surf a c e ,  a r e  r a  t e - d e  t e r m  i n i n g  . 

I c r a c k i n g ,  c r a c k i n g  p r e c e d e s  i s o m e r i z a t i o n  and o n l y  t h e  i s o m e r i z a -  

) u n c r a c k e d  m a t e r i a l  ( F l i n n ,  e t  a l e ,  1 9 6 0 ,  and A r c h i b a l d ,  e t  a l . ,  
,I 

) 

- A c  k no w l e d  Pmen t 

The r e s e a r c h  work r e p o r t e d  i n  t h i s  p a p e r  was s p o n s o r e d  b y  t h e  
U. S .  O f f i c e  of  C o a l  R e s e a r c h  and  t h e  U n i v e r s i t y  of U t a h .  

, 
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T a b l e  1, P r o p e r t i e s  o f  Feed M a t e r i a l  

sp. g r .  ( 2 5 0 C !  
T a r  a c i d s ,  v o l  % of  f e e d  
T a r  b a s e s ,  w t .  % o f  f e e d  
S u l f u r ,  w t .  % of f e e d  
h i t r o g e n ,  w t .  % o f  f e e d  
D i s t i l l a t i o n  d a t a  

1 . B  P , O C .  
50% d i s t i l l a t e  
P i t c h  p o i n t  
R e s i d u e ,  vole % of f e e d  

H y d r o c a r b o n  t y  e s  i n  n e u t r a l  
f r a c t i o n  200' t o  360°C, v o l a  % 

S a t u r a t e s  
O l e f i n s  
A r o m a t i c s  

0 " 9 9 4 2  
30 .o  

3 . 5  
0 . 6 9 8 4  
0 . 4 0 1 8  

200 
298Oc 
360°C 

3 0 . 0  

3 2 . 0  
1 9 . 0  
4 9 . 0  

I' 

I 



n 
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T a b l e  11. I n f l u e n c e  of T e m p e r a t u r e  on P r o d u c t  D i s t r i b u t i o n  
( P r e s s u r e ,  1 5 0 0  psi) 

Temp. (OC.) 4 0 0  
’ R e a c t i o n  T i m e ,  hrs. 1 3  

Y i e l d ,  v o l .  % o f  
f e e d  

G a s o l i n e  
Diesel o i l  
T a r  a c i d s  
T a r  b a s e s  
R e s i d u e  
G a s  ( i n c l u d i n g  

S u l f u r ,  w t .  Z 
o f  f e e d  

N i t r o g e n ,  w t  
% o f  f e e d  

l o s s e s )  

4 5 . 0  
3 5 . 0  

2 . 0  
1 . 0  

1 2 . 0  

4 . 5  

0 . 0 4 8 9  

0 . 0 9 2 4  

C o m p o s i t i o n  of  
g a s o l i n e ,  v o l .  % 

Aroma t i c s  3 3 . 5  
Ka ph t h e  n e s  1 0 . 0  
O l e f i n s  2 . 0  
I s o p a r a f f i n s  2 5 . 5  
K - p a r a f f i n s  2 9 . 0  
Diesel i n d e x  of 

d i e s e l  o i l  4 0 . 0  

4 2 5  
1 2  

5 1 . 0  
2 9 . 0  

1 . 0  
0 -  5 

1 2 . 0  

6 . 5  

0 IO210 

0 . 0 4 4 2  

3 5 . 0  
9 . 0  
3.0 

2 6 . 0  
2 7 . 0  

3 7 . 5  

450  
10 

5 6 . 0  
2 4 . 0  

1 3 . 0  

7 . 0  

0 . 0 1 4  

0 . 0 3 2 1  

3 4 . 0  
1 0 . 5  

2 . 0  
2 6 . 0  
2 7 . 5  

3 4 . 0  

4 7 5  
8 

6 1 . 0  
2 0 . 0  
I 

- 
1 1 . 5  

7 . 5  

0.0135 

0 . 0 2 0 1  

3 2  - 0 
1 0 . 0  

2 . 0  
2 7 . 0  
2 9 . 0  

3 1 . 0  

500 
5 

6 4 . 0  
1 6 . 0  - 
- 

1 2 . 0  

8 . 0  

0 . 0 1 3 6  

0 . 0 1 6 3  

3 3 . 0  
1 0 . 0  

4 . 0  
2 5 . 0  
2 8 . 0 ,  

2 8 . 0  

- I s o b u t a n e  
Pi-butane 1 . 0  1 , 2 5  1 - 4 5  1 . 5 1  1 . 7 5  
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1 CERAMIC FgRNACE 
2 L I Q U ' 3  S A M P L l h G  TCBE 
3 GAS S A M P L I N G  TLBE 
4 THERMOMELL 

6 C O O L l h G  JLCKET 
7 MAUP-ETiC DRIVE ASSEMBLY 
8 SHAFT 
9 IMPELLER 

5 COOLING CClL 

Figure 1. Assembly of equipment 
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F i g u r e  2 .  E f f e c t  o f  tempera ture  on p r o d u c t  d i s t r i b u t i o n  
p ressu re ,  I500 p s i .  
Reac t ion  t ime,  13 h rs .  a t  4OO0C. ,  1 2  h rs .  a t  4 2 5 " C . ,  

IO h r s .  a t  4 5 O o C . ,  8 h rs .  a t  47S°C., 
I 5 h r s .  a t  SOOOC. 
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F i g u r e  3. E f f e c t  o f  p r e s s u r e  on p r o d u c t  d i s t r i b u t i o n  
R e a c t i o n  t i m e ,  13 h r s .  a t  4 0 0 o C .  

IO h r s .  a t  4 5 0 O C .  
5 h r s .  a t  50OoC.  
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Figure  4. Effect of pressure on product distribution 

Reaction time, 13 hrs. at  400 C 
10 hrs. at  450 C 
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Figure 5. Effect of pressure on the yield of gasoline and 
hy'drocarbon types - Temperature, 400 C 
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Figure 6. Effect of pressure on the yield of gasoline and 
hydrocarbon types - Temperature, 450 C 
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Figure 7. Effect of pressure on the yield of gasoline and 
hydrocarbon types - Temperature, 500 C 
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Figure 8. Effect of reaction time on gasoline formation 
Pressure, 1500 psi 

-- 



I . . .  ,. 43. 

F i g u r e  9. ' E f f e c t  o f  r e a c t i o n  t i m e  on d e s u l p h u r i z a t i o n  
Pressure ,  1500 p s i .  
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Figure 10. Effec t  of reaction time on denitrogenation . .  

Pressure, 1500 psi 
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Figure Y. Plot of first-order equation f o r  gasoline formation 
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Figure 12. Plot of first-order equetion for desulphurization. 
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F i g u r e  13.  P l o t  o f  f i r s t - o r d e r  e q u a t i o n  f o r  d e n i t r o g e n a t i o n  
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Figure 14. Arrhenius plot for gasoline formation, 
deeulphurization and denitrogenation 
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Figure 15. E y r i n g  plot for gasoline formation, 
desulphurization and denitrogenation 
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F i g u r e  16. R e l a t i o n s h i p  between r a t e  c o n s t a n t s  
P ressu re ,  IS00 p s i .  
Temperature,  400°, 4 2 5 O ,  450°, 475' and 50OoC.  
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DELAYED COKING OF LOW-TEMPERATURE LIGNITE PITCH 

John S. Berber ,  Richard L. Rice,  and Robert  L. Lynch 

U. S. Department of the Inter ior ,  Bureau of Mines, 
Morgantown Coal Research  Center,  Morgantown, West Virginia 

This paper i s  one of a s e r i e s  on the upgrading and utilization of various low- 
temperature  t a r  fractions.  Previous publications gave details  on the preparation 
of biodegradable detergents  f rom the olefin f ract ion (i), phthalic and maleic anhy- 
dr ides  from the neutral  oil  ( 3 ) ,  and carbon electrode binders f rom the thermal  - 

,cracking of the pitch (A) .  

Processing of petroleum residuals  by delayed coking has  been practiced 
commercially for  a number of yea r s  (a). 
out on coke oven pitch ( 7 )  and a low-temperature t a r  topped to a temperature  of 
425"  F ( 4 ) .  - 
temperature  t a r  pitch,  

Pilot-plant studies have a l so  been car r ied  

- 
We believe this is the f i r s t  effort  to extend delayed coking to a low- 

MATERIAL, EQUIPMENT, AND PROCESS DESCRIPTION 

\ The t a r  was produced by the Texas Power & Light Company f rom a Texas 
lignite carbonized at 950" F i n  a fluidized bed. The pitch used in this study was 
obtained by distilling the crude tar under vacuum to a n  atmospheric  boiling point 
of 630" F and amounted to 45 percent  of the ta r .  
of the pitch a r e  given in Table 1. 

\! Chemical and physical propert ies  

The delayed coking apparatus  consis ts  of a s tee l  d rum (C,  see  Figure 1)  j\ 

I fabricated f rom a 5-foot length of 8-inch carbon s teel  pipe. 
a t  the top and bottom ends to make the removal of the coke and cleaning easy. 
Coke removal is facil i tated by use  of a tilting drum. 
electrically (15.6 KW max).  
length of 8-inch carbon s teel  pipe and a cone, with a 1/2-inch coupling at the apex, 
is  welded to the bottom of the 8-inch pipe and the top is open. 
electrically heated by a 1. 8 KW heater ,  

The drum is flanged 

Ii The coking drum is heated 
The pitch feed tank (A)  was made f rom a 15-inch 

I The pitch tank is 

I 
I 

The pitch to be coked is ground and liquified in the pitch feed tank by heating 
to 400"  F. 
dr iven by an electr ic  motor and hydraulic speed control  ( J ) ,  and i s  pumped through 
the pitch line preheater  (F)  which r a i s e s  the temperature  to about 485" F. 
pitch is then fed to the delayed coking drum (C)  which is maintained a t  the desired 
coking temperature .  
the volatile ma t t e r s  a r e  dr iven off. The volati les a r e  fed to an o i l  and gas  con- 
denser  (D) and oil  is collected in the bottom of the separator  ( E ) ,  and the g a s  is 
water scrubbed (H).  The gas  is then metered (G)  and vented. 
tied into the pitch system in such a way that the pitch can be flushed out of the pump 
with a crude t a r  dist i l late fraction. 
ing prevents pitch solidification and simplifies r e s t a r t .  

The liquid pitch flows to the pitch feed pump (B),  a sma l l  gear  pump 

I 
The 

The pitch remains in the coking drum for  severa l  hours  while 

A small  tank ( K )  is 

Flushing the pump with crude tar before cool- 

A photograph of the apparatus  is given in Figure 2.  
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The oi l  f rom the separa tor  is vacuum disti l led to about 750"  F which yields 
an aromatic-r ich disti l late and a residue. The disti l late can be catalytically oxi- 
dized to phthalic and maleic  anhydrides while the residue, pitch, can be used a s  a 
binder for  carbon electrodes,  road paving, roofing, o r  piping mater ia l ,  depend- 
ing on its specifications, such a s  softening point, carbon-hydrogen ratio,  hydrogen 
content, and coking value. 

RESULTS AND DISCUSSION 

This investigation was  conducted a t  t empera tures  f rom 800" t o  1 ,2004 F and 

This increase in yield is due to the higher degra-  
a t  atmospheric pressure .  
percent  a t  1 , 2 0 0 "  F (Figure  3).  

,dation of the feed pitch at  elevated temperatures .  
smoother ,  and char-l ike a t  800" F, while a t  1 ,20O0.F the coke had the s i lver-  
grey  color typical of coke (F igures  4 and 5). 

The coke yield ranged f r o m  25 percent a t  800" F to 45 

The product appeared darker ,  

The ash content of the coke, a s  shown in Figure 6 ,  was the same over the 
en t i re  range of coking tempera tures .  
was constant a t  a l l  t empera tures .  

The i ron  content of the coke (Figure 7 )  also 

The sulfur content of the coke decreased slightly with the increasing tem- 
pera ture ,  Figure 8, indicating that,  at higher temperatures ,  m o r e  of the sulfur 
was being converted to gas .  It h a s  been reported that delayed coke can be used 
a s  fuel f o r  generating e lec t r ic  power (2). 
this coke, 0.80 percent,  should make it especially a t t ract ive a s  a fuel in  view of 
present  air pollution s tandards.  

The relatively low sulfur content of 

The coke obtained f r o m  this process  can  also be calcined and used as aggre-  
gate in the production of metal lurgical  e iectrodes,  although the a s h  is slightly 
higher than the ash of petroleum coke which is current ly  used. 
have an ash content below 0 .5  percent  in the coke. 
weight when calcined to 2, 000"  F. 

It i s  desirable  to 
The coke loses  15 percent  by 

The oi l  yield i s  a function of coking temperature  and var ied from 43 percent 

This 
of the feed pitch a t  800" F to 17 percent a t  1 ,200"  F (Figure 3). The specific 
gravity of the oil was about 0 .95  at  800" F and 1.18 a t  1, 200" F (Figure 9) .  
oi l ,  when distilled to 720" F,  gave a disti l late containing from 15 to 25 percent 
combined acids  and bases  with the remainder  consisting of a neutral  oil. 
F. I. A. analysis of a typical neutral  oi l  showed 89. 2 percent  aromatics ,  6 . 9  p e r -  
cent  olefins, and 3.9 percent  paraffins.  The vapor-phase catalytic oxidation of 
the neutral  oil yielded bet ter  than 30 percent  phthalic and maleic  anhydrides. 
dist i l lat ion residue from the oil proved to be a suitable binder for  metallurgical 
e lectrodes.  A detailed evaluation of i ts  use a s  a binder,  a s  well as the coke a s  
a n  aggregate,  is in p r o g r e s s  and will be reported in a future publication. 

The 

The 

The gas  yield was 17 percent  a t  800" F and increased to 39 percent  a t  
1 ,  200" F (Figure 3 ) .  
ra t io  i s  shown in Figure 10. 
cracking. 

d e c r e a s e  in the methane-to-hydrogen ratio (shown in Figure  11). 
f r o m  8: 1 a t  800" F to about 2:l a t  1, 150 O F. 
950" F is  given in Table LI. 

The effect of coking temperature  on the ethylene-to-ethane 

In addition, an increase  in coking temperature  i s  accompanied by a 
This is probably due to dehydrogenation and thermal  

This ra t io  drops 
A typical analysis of gas  obtained a t  
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CONCLUSIONS 

This work has  shown that the commerc ia l  value of lignite pitch is increased 
by coking. The coking operation yields three  products:  oil, gas,  and coke. The 
oil upon distillation i s  a valuable chemical intermediate.  The coke could be used 
a s  an aggregate for  metal lurgical  e lectrodes,  other  graphite products. a i d  as a 
low-sulfur fuel. The gas  is a possible substitute for  natural  gas  o r  a source of 
hydrogen if subjected to a s team reforming process .  
recovered &om the gas  s t r eam and used a s  a r aw mater ia l .  

Ethylene could a l so  be 
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. 

Table I . Proper t ies  of Pi tch Feed  

Ultimate analysis:  As received 
Carbon. % . . . . .  1 . . .  84.72 . 
Hydrogen. 7 0  . . . . . . . . . .  8.53  . .  
Nitrogen. 70 . . . . . . . . .  0.87 . .  

Sulfur. 70 . . . . . . . . . .  0.90 
Chlorine. 7 0  . . . . . . . . .  0.01  
Moisture. 7 0  . . . . . . .  : . 0.00.' . .  

Oxygen. 70 . . . . . . . . . . .  4.62  

Flash  point. F . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Softening point (R & B) glycerin.  C . . . . . . . . . . . . . .  
Softening point (cube in  glycerin).  . C . . . . . . . . . . . . . .  
Penetration at 7 7 "  F. 100 grams.  5 seconds . . . . . . . . .  
Ash.  70 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Water. % ................................. 
Ductility. c m  a t  77 F . . . . . . . . . . . . . . . . . . . . . . . . .  
Bitumen. soluble in CS, ....................... 
F r e e  carbon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Distillation : 

TO 3OO.C.  70 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Softening point of res idue (R & B). C . . . . . . . . . . . . .  
Sulfonation index of dist i l late to 300" C . . . . . . . . . . .  

. .  
Specific gravity.  25 ~ / 2 5 0  c ................... 1 . .  

Conradson carboni., TO'., .......................... 

510 
90 
105 
0 
1.128 
0 .35  
0.00 
0 
78.80 
20.85 

6 .40  
90 
0 
20.81 

I 

. 
Table LT . Composition of Gas at a Coking 

Temperature  of 950"  F 

Component Volume -percent 

co. . . . . . . . . . . .  0.74  
co . . . . . . . . . . . .  4 .91  
H. . . . . . . . . . . . .  7.67 
CH. . . . . . . . . . . .  43.83 
C2% . . . . . . . . . . .  13.97 
C2H4 . . . . . . . . . . .  9.94  
C.H. . . . . . . . . . . .  13.54 
C.'. . . . . . . . . . . .  5.40  
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n t 
Gas 

Water 

7 
A .  Pitch feed tank Oil  

Water 

B . Pitch feed pump 
C . Delayed coking drum 
D . Gas and oil cooler 
E . Oil separator 
F . Pitch line preheater 
G . Wet test meter 
H . Gas water scrubber 
I . Scrubber seal pot 

J - Hydraulic speed control 
K . Pump flushing oi l  tank 

FIGURE 1 .  - Flowsheet of Delayed Coking P r o c e s s .  

FIGURE 2. - The Delayed Coking Apparatus. 
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FIGURE 3.  - Effect of T e m p e r a t u r e  on Product  Distribution. 

FIGURE 4. - Coke at the Top End of the Drum. 
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FIGURE 5. - Coke a s  Taken F r o m  Drum. 
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FIGURE 6. - Coking T e m p e r a t u r e  vs. Ash Content of Coke. 
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FIGURE 7. - Coking T e m p e r a t u r e  vs. I r o n  Content of Coke. 



54. 

FIGURE 8. 
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- Coking Temperature  vs .  Sulfur Content of Coke. 
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FIGURE 9. - Effect of Temperature  on  Specific Gravity of Product Oil. 
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FIGURE 10. - Effect of Temperature on Ethylene-to-Ethane Ratio. 

I 
'I  

b 

2 1 1 ,  , , , I  0 
800 900 1,000 1,100 1.; 

COKING TEMPERATURE, "F 

, 

0 

,FIGURE 1 1 .  - Effect of. Temperature on Methane-to-Hydrogen Ratio. 
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